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CHAPTER 1 
General Introduction

1. The concept of stress in teleost fish - a brief outline
Stress at the organismal level has been first characterized by Selye (1936) as a 
general reaction of mammals, including humans, to a diverse range of stimuli, which 
he later defined as the so-called General Adaptation Syndrome (Selye, 1946). 
Although the concept of stress is nowadays widely accepted by biologists and 
extended to all vertebrates, a variety of definitions for stress are in use, ranging from 
“the effect of any environmental alteration that extends homeostatic or stabilizing 
processes beyond their normal limits” to “a balance between energy gains and 
losses” (Adams, 1990). In this thesis stress is defined according to Wendelaar Bonga
(1997): a condition in which the dynamic equilibrium, or homeostasis, of a vertebrate 
organism is threatened or disturbed as a result of the actions of intrinsic or extrinsic 
stimuli called stressors. The actions of stressors are twofold: (1) they produce effects 
that threaten or disturb the homeostatic equilibrium (the stressor effects), and (2) they 
elicit a coordinated set of behavioral and physiological responses thought to be 
compensatory and/or adaptive, enabling the animal to overcome the threat or 
disturbance (the stress response).
Stressors can be categorized as either acute or chronic. Acute stressors evoke 
short-term stress responses in animals, lasting for a few hours or days, and affect 
only a short part of the lifecycle of an organism (Adams, 1990). They are further 
characterized by the fact that the stressor is gone before the response of the animal is 
complete (Pickering et al., 1982). Chronic stressors, on the other hand, can last for 
periods of weeks to years, and usually produce long-term effects that may involve 
the entire reproductive lifecycle of an organism. If an animal is experiencing chronic 
stress, the stress response may lose its adaptive value and become dysfunctional, or 
maladaptive, which may result in impairment of the immune system, leading to 
decreased disease resistance, and damage to the cardiovascular system, including 
atherosclerosis and, in fish, damage to the gill vasculature (Wendelaar Bonga, 1997). 
The physiological responses to a stressor can be specific for a single stressor or a 
group of related stressors, but they are mostly non-specific and occur in reaction to 
many different types of stressors. These responses typically involve all levels of 
animal organization and are collectively called the integrated stress response 
(Wendelaar Bonga, 1997).
The stress response of teleost fish has many similarities with that of 
terrestrial vertebrates, and this includes the distinction between primary, secondary 
and tertiary responses (Mazeaud et al., 1977; Wedemeyer & McLeay; 1981; Barton 
& Iwama, 1991; Wendelaar Bonga, 1997). Primary responses are the activation of
11
brain centers after the perception of a stress stimulus, resulting in a neuro-endocrine 
release of stress hormones: catecholamines and corticosteroids. Secondary responses 
are usually defined as the immediate actions and effects of these hormones at the 
blood and tissue level, such as increases in cardiac output, oxygen uptake, 
mobilization of energy substrates, disturbance of hydromineral balance, changes in 
hematological features, and, at the cellular level, the expression of heat-shock or 
stress proteins. Tertiary stress responses encompass the physiological effects of the 
secondary responses on the level of whole organisms and/or populations. These 
include inhibition of growth, reproduction, and immunological functioning, the 
abovementioned damage to the cardiovascular system, and changes in the metabolic 
rate, resulting in a reduced capacity to tolerate subsequent or additional stressors 
(Specker & Schreck, 1980; Barton & Iwama, 1991; Wendelaar Bonga, 1997; 
Ackerman et al., 2000).
When interpreting stress-induced physiological changes in fish, it is 
important to realize that the stress response in fish can be influenced by many 
modifying factors (Barton and Iwama, 1991; Wendelaar Bonga 1997). As a result, 
fish display extensive polymorphism rather than generality' in their adaptational 
syndrome to different forms of stress, as well as among species to a single stressor 
(Schreck, 1982). This polymorphic nature of the stress response in fish is the central 
theme of investigation in this thesis, in which we examined this for two marine 
flatfish species, turbot and Atlantic halibut. In the following sections the stress 
response in fish will be discussed in more detail, with emphasis on aspects of 
importance for the research in this thesis, i.e. release and regulatory functions of the 
stress hormones, species differences, and modifying factors of the stress response.
1.1. Stress hormones: catecholamines and cortisol
1.1.1. Catecholamines
In teleost fish, two principal messenger systems are involved in the stress response: 
the brain-sympathetic-chromaffin cell axis (BSC-axis), and the brain-pituitary- 
interrenal axis (BPI-axis). The former pathway is responsible for the release of 
catecholamines (CAs), mainly adrenaline (or epinephrine) and noradrenaline (or 
norepinephrine), whereas activation of the latter pathway results in the release of 
corticosteroids. Apart from sympathetic cholinergic stimulation, also non-cholinergic 
neuronal factors and direct blood-borne substances are involved in the CA-release 
(Fabbri et al., 1998). The release of CAs into the blood and their physiological
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actions is known as the acute humoral adrenergic stress response, which can be 
divided into an afferent limb, including the secretory process, and an efferent limb 
encompassing the physiological reactions of CAs (Perry & Bernier, 1999).
Adrenaline and noradrenaline are released from separate populations of 
chromaffin cells in the head kidneys of teleost fish (Reid et al., 1998; Whiteley & 
Egginton, 1999). Their release is rapid, transient, and results in a very marked 
increase in the blood within 1-3 minutes. The release of CAs occurs under a variety 
of stressful conditions, such as hypoxia, hypercapnia/acidosis, hypotension, 
hypoglycemia, and exhaustive exercise (summarized by Reid et al., 1998). In all 
these cases, though, the ultimate stimulus for CA release is hypoxemia, i.e. the 
depression of blood oxygen content below a threshold level of approximately 50% 
(Reid et al., 1998; Perry & Bernier, 1999; Perry et al., 2000) as a result of inadequate 
oxygen uptake in combination with Bohr effects (lower affinity of hemoglobin for 
O2) and/or Root effects (lower total blood O2 content; Barton & Iwama, 1991).
One of the primary roles of plasma CAs is to stimulate cardiovascular and 
respiratory functioning in order to maintain adequate levels of oxygen in the blood 
for a sufficient supply to the tissues (Reid et al., 1998). Furthermore, they mobilize 
energy stores to provide for the increased energy demands under stress conditions, 
mainly through activation of liver glycogenolysis (conversion of glycogen into 
glucose), along with gluconeogenesis (synthesis of glucose from other substrates) 
and an inhibition of glycolysis (conversion of glucose into pyruvate; Suarez & 
Mommsen, 1987; Wright et al., 1989; Reid et al., 1998). Finally, CAs have also 
found to be capable of mobilizing lipid reserves in vivo through lipolysis in some fish 
species (lamprey and scorpionfish; Plisetskaya, 1980), resulting in increased levels of 
free fatty acids (FFAs). However, this effect was not observed in vivo in carp 
(Farkas, 1969) and trout (van Raaij et al., 1995, 1996). In contrast, in an in vitro 
study on hepatocytes of coho salmon Sheridan (1988) found that adrenaline did not 
induce lipolysis whereas noradrenaline increased FFA release, and Fabbri et al.
(1998) concluded that the regulation of lipid metabolism in fish by CAs is still poorly 
understood.
To the negative effects of CA-release under conditions of stress belongs 
disturbance of the hydromineral balance. The increased oxygen requirement during 
stress is achieved by enlargement of the effective respiratory surface area and 
increased branchial blood perfusion rate, which are both actions of circulating CAs. 
This results in an increase of gas transfer capacity of the gills, but also to increased 
trans-epithelial water and ion movements (see section 1.2.2.).
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1.1.2. Cortisol
In fish, corticosteroids are produced in the interrenal cells in the head kidneys, and 
their release is mediated primarily through ACTH, a-MSH and possibly ß-endorphin. 
The main corticosteroid in teleost fish is cortisol, which is the most widely used 
stress indicator in blood plasma because of the non-specific nature of rapid cortisol 
release in response to stressors (Lowe & Wells, 1996; Wendelaar Bonga, 1997). One 
should keep in mind, however, that cortisol plays also an important 'housekeeping' 
role in other physiological processes, such as metabolism, and it is present in 
vertebrates also under non-stress conditions (Mommsen et al., 1999). Unlike CAs, 
cortisol is not stored in the gland cells, but synthesized de novo from cholesterol 
immediately before being released into the bloodstream (Pottinger & Carrick, 
1999a). As a result, plasma cortisol levels in teleost fish do not rise immediately 
under conditions of stress, but after a latency of several minutes (Sumpter et al., 
1986; Barnett & Pankhurst, 1998). The effects of cortisol are more sustained than 
those of circulating CAs (Ryan, 1995; Sumpter, 1997; Whiteley & Egginton, 1999).
In fish, cortisol combines both mineralocorticoid and glucocorticoid 
functions: its two major actions are regulation of the hydromineral balance and of 
energy metabolism, with gills, intestine and liver as the main target organs. Specific 
mineralocorticoid actions in the gills include stimulation of the proliferation and 
differentiation of branchial chloride cells, and increase of the activity of ion- 
transporting enzymes (Wendelaar Bonga, 1997). Among the glucocorticoid effects of 
cortisol on whole body energy metabolism are stimulation of liver gluconeogenesis, 
and reduction of liver and muscle lipid stores (Sheridan, 1988; Vijayan et al., 1991).
Prolonged exposure to medium or high levels of cortisol can lead to various 
effects that may be considered as maladaptive, such as induction of apoptosis of 
chloride and pavement cells in the gills (Bury et al., 1998), which may impair 
osmoregulation. Some of the earlier mentioned tertiary stress responses (inhibition of 
growth, immune responses, and reproduction) are also thought to be largely the result 
of chronically elevated levels of plasma cortisol.
1.2. Actions of stress hormones on energy metabolism and 
hydromineral balance
1.2.1. Glucose and lactate metabolism
The most commonly measured indicators of changes in energy metabolism under 
stress conditions are fluctuations in energy substrates, in particular plasma glucose 
and lactate. A rapid initial hyperglycemic response within 2-3 hours after exposure to
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stressors has been reported for many fish species, and is commonly ascribed to 
stimulated liver glycogenolysis by CAs (Vijayan et al., 1994, 1997). The role of CAs 
in the more chronic process of liver gluconeogenesis is less clear. Although CAs 
undoubtedly do have gluconeogenic properties (Fabbri et al., 1998), it is believed 
that gluconeogenesis under post-stress conditions is mainly regulated through 
cortisol, in order to sustain high levels of circulating glucose after the initial rise 
(Vijayan et al., 1991; Vijayan & Moon, 1992). Cortisol stimulates hepatic 
gluconeogenesis on the basis of lactate and glycerol as substrates (Vijayan et al.,
1991). In addition, cortisol is able to exert catabolic effects on skeletal muscle 
proteins, thereby mobilizing amino acids (notably alanine) that can be used as 
precursors for hepatic gluconeogenesis (Sheridan, 1986; Suarez & Mommsen, 1987; 
Andersen et al., 1991). In this way cortisol increases substrate availability for 
gluconeogenesis, but it also increases the activity of gluconeogenic enzymes 
(Vijayan et al., 1991; 1997).
Accumulation of lactate occurs in situations in which fish are unable to 
maintain aerobic metabolism. As a result of anaerobic glycogenolysis, white muscle 
lactate levels and H+ ions (the metabolic acid or proton load) increase, and white 
muscle glycogen stores become depleted. This is followed by a partial and 
differential release of lactate and protons into the bloodstream (Tang & Boutilier, 
1989; Milligan & Girard, 1993; Sadler et al., 2000). Wieser et al. (1986) postulated 
that lactate accumulation qualifies as an indicator of the onset of stress because of its 
non-specific nature. Lactate is a product of routine anaerobic muscle metabolism 
(Ryan, 1995), and according to Pottinger (1998) rapidly elevated plasma lactate is 
not an indicator of stress per se, but a reflection of a condition in which the tissue 
requirement for oxygen exceeds supply. Like glucose, plasma lactate has been 
considered as an indicator of sympathetic activation and CA-release during stress 
(Randall and Perry, 1992; Arends et al., 1999; Vianen, 1999), but there is an 
important difference between the two parameters. As described above, rapid 
hyperglycemia is directly mediated by CAs and therefore occurs after their release, 
whereas lactacidosis actually coincides or even precedes the release of CAs in 
response to decreased blood oxygen levels, but can also occur without release of CAs 
in cases where blood hypoxemia does not reach CA-threshold release levels. There is 
general agreement that cortisol does not have a major influence on lactate production 
(Andersen et al., 1991; Ryan, 1995).
1.2.2. Hydromineral disturbances
Disturbance of water and ion homeostasis is one of the most characteristic aspects of 
stress in many fish species, mainly as a result of the intimate relationship between
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body fluids in the gills and the ambient water. The epithelia of gills and skin form the 
primary barrier between the animals internal tissues and the external environment. 
These epithelia are relatively simple in structure but complex in function, with 
involvement in gas exchange, hydromineral control, acid-base balance, and nitrogen 
metabolism, and they form a protective barrier between the interior of the fish and 
the ambient water. Therefore, gill and skin epithelia form important target organs for 
neuroendocrine messengers related to stress (Wendelaar, 1997).
Hydromineral disturbance from stress may result from an increase in 
membrane permeability to water and ions, disruption of transepithelial electrical 
potentials, and inhibition of ion-transport mechanisms for compensatory ion 
movements. This results in an enlargement of the surface area for diffusion and 
increased permeability of the tight junctions, a phenomenon known as the 
osmorespiratory compromise (Nilsson, 1986). In seawater fish, which are hypo- 
osmotic with regard to their environment, this usually results in an passive influx of 
ions and water loss over the gill integument, which is reflected by increased levels of 
Na+, Cl", and divalent ions. The opposite occurs in freshwater fish, which are hyper­
osmotic with regard to the ambient water (Wendelaar Bonga, 1997).
During severe stress, osmoregulatory disturbance is often associated with 
impaired branchial functioning, as a result of stress-related (ultra-)structural changes 
in the gills. According to Mallat (1985), the majority of such changes are non­
specific in nature. These are partially due to stressor-induced damage, and partially 
the result of compensatory (stress-) responses of the fish. More recent studies have 
shown that some ultra-structural changes, such as necrosis (accidental cell death, 
characterized by rupture of membranes and swelling of cell compartments) are specific 
for certain stressors, such as toxicants (Wendelaar Bonga, 1997). Many other effects 
are non-specific and occur after exposure to many different stressors (Wendelaar 
Bonga, 1997). In gills, such non-specific changes include:
I. epithelial lifting (fluid infiltration in the intercellular spaces and separation of the 
epithelium from the basal membrane of the branchial lamellae);
II. obstruction of blood flow in these lamellae;
III. infiltration of dilated intercellular spaces with leukocytes, probably as a response 
to invasion of macromolecules and pathogens from the water; and
IV. highly increased rates of apoptosis (physiologically controlled cell death, 
characterized by cellular shrinkage and densification of nuclei, mitochondria and 
cytoplasm), and mitosis (cell division), as a result of increased cellular turnover.
(Wendelaar Bonga & van der Meij, 1989; Wendelaar Bonga et al., 1990; Wendelaar 
Bonga, 1997; Dang et al, 1999). In addition, during acute stress blood plasma volume
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may decrease from loss of plasma water that moves out of the circulation and into the 
tissues, in response to an intramuscular lactate load and/or by diuresis and osmotic 
water loss in seawater (Turner et al., 1983a,b). This results in hemoconcentration of 
the blood and causes transient changes in hematocrit, hemoglobin, red blood cell 
numbers, plasma proteins, and plasma eletrolytes (Wendelaar Bonga, 1997).
From the above it is clear that stressors may affect various levels of the internal 
organism. As a consequence, a reliable evaluation of an animals response to a certain 
stressor requires a multi-parameter approach, i.e. simultaneous measurements of 
primary and secondary stress parameters, and, in case of long-term studies of 
prolonged exposure to stressors, also tertiary parameters (Barton & Iwama, 1991; 
Barton, 1997).
1.3. Modifying factors of the stress response in teleost fish
As mentioned before, the stress response in fish is far from uniform. The rate, 
magnitude, time course, and the rate of recovery of a stress response are dependent of 
a wide range of biotic and abiotic factors (Schreck, 1982; Barton and Iwama, 1991; 
Wendelaar Bonga 1997).
Among the abiotic factors that have been reported to influence the stress response in 
fish are:
I. the type, severity, and duration of the stressor (Barton et al., 1980; Pickering & 
Pottinger, 1989; Wendelaar Bonga, 1997);
II. the acclimation temperature (Schreck, 1982; Sumpter et al., 1985; Davis & 
Parker, 1990; Barnett & Pankhurst, 1998; Claireaux & Audet, 2000);
III. ambient water salinity (Strange & Schreck, 1980; Redding & Schreck, 1983; 
Tang & Boutilier, 1991; Reubush & Heath, 1997; Nolan et al., 1999), and
IV. water quality (Barton et al., 1985; Pickering & Pottinger, 1987).
Biotic factors that can affect the stress response include:
V. fish species (Sumpter et al., 1986; Barton & Iwama, 1991; McDonald et al., 
1993; Wendelaar Bonga, 1997);
VI. genetic background, i.e. different fish strains (Fevolden et al., 1991; Pottinger & 
Moran, 1993; McDonald & Robinson, 1993; Pottinger et al., 1994);
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VII. nutritional status (Thomas et al., 1986; Barton et al., 1988; Vijayan & Moon, 
1992);
VIII. lifestage (Daye & Garside, 1979; Kwain & Rose, 1985; Oyen, 1993; Stouthart 
et al., 1998);
IX. gender (Pickering & Christie, 1981; Davis et al., 1984; McBride et al., 1986; 
Pankhurst & Dedual, 1994);
X. social ranking of individuals in a population (Wendelaar, 1997; Sakakura et 
al., 1998; Elofsson et al., 2000; Sloman et al., 2000), and
XI. diseases and parasite infestations (Barton et al., 1986; Robertson et al., 1987; 
Ruane et al., 1999).
2. Aim and outline of the thesis
Although it is clear from the listing in 1.3 that many factors can modify or interfere 
with the stress response, systematic studies on the variation in the stress response 
under standard conditions in a given species, or between species, are still scarce. A 
large part of research on stress in fish has been performed on salmonids, tilapia 
species and carp, and other teleosts are often assumed to respond in a similar way to 
stressors. However, the validity of this assumption can be challenged, since even 
closely related species might show differences in their responses (Pankhurst et al., 
1992; Wendelaar Bonga, 1997; Pickering, 1998). These differences have been related 
to the ecological niche of the animals concerned, but the physiological significance 
or adaptive value of such differences have hardly received attention, and therefore 
little is known of their function.
In this thesis we have examined the stress response of two marine flatfish 
species of the Order Pleuronectiformes, turbot (Scophthalmus maximus Rafinesque) 
and Atlantic halibut (Hippoglossus hippoglossus, L.). In contrast to most teleost 
species studied in stress research so far, turbot and Atlantic halibut are not entirely 
pelagic but have a more benthic lifestyle. Turbot, belonging to the family 
Scophthalmidae with a dorsal left side, are demersal, euryhaline and eurythermal 
carnivores living in estuarine and coastal areas in depths of 20-70 m (Boeuf et al., 
1999; Imsland et al., 2001). They exhibit a rather inactive and sedentary lifestyle on 
sandy, rocky or mixed bottoms, and do not undergo long migrations (Iglesias & 
Rodriguez-Ojea, 1994). They feed mainly on other bottom-living fishes (sand-eels, 
gobies, and other flatfish), which are caught by ambush when swept along in strong 
currents. Turbot are fairly poor swimmers which like many other flatfish, follow in
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principle a passive defense strategy of hiding, burrowing, immobility and camouflage 
under endangered circumstances (Turner et al., 1983b). This is in contrast with the 
active escape swimming usually displayed by more pelagic species. Until now, 
stressor effects in turbot have been described in a few papers (Staurnes, 1994, 2001; 
Waring et al., 1996, 1997; Stephens et al., 1997a,b; Mugnier et al., 1998; Person Le 
Ruyet et al., 1998), but a systematic investigation of the stress response of turbot 
juveniles under different environmental conditions has not been performed so far.
Atlantic halibut, belonging to the family Pleuronectidae with a dorsal right 
side, are roaming, solitary bottom-living fish inhabiting coastal areas at 20-60 m 
during the juvenile stage. After 3-4 years they migrate to regions outside the coast to 
depths of 50-2000 m, during which time they can travel very long distances (Haug, 
1990). Compared to turbot, which are distributed from Norway to the Mediterranean, 
halibut have a more northerly distribution across the North Atlantic where they are 
usually found in waters below 10 °C (Staurnes, 2001). Halibut are voracious predators 
and actively hunt on pelagic fish species (redfish, cod, herring and capelin), as well 
as on bottom-living animals such as sandeels, haddock, cephalopods and large 
crustaceans (Haug, 1990). With their partly benthic, partly pelagic life-style and 
good swimming capabilities halibut clearly differ from turbot, as well as from other 
Pleuronectidae (Lile, 1998). Stress experiments with halibut have only been 
published to a very limited extend (Staurnes, 2001).
The major aim of the research presented in this thesis was to determine and compare 
the rate, magnitude, and time course of the stress response of juvenile turbot and 
Atlantic halibut under a variety of environmental circumstances, i.e. after exposure to 
different acute handling stressors under different abiotic (water temperatures and 
salinities) and biotic (nutritional status and genetic background) conditions. In each 
experiment, a selection of primary and secondary stress parameters was measured in 
order to obtain a reliable evaluation of the stress response, and to examine whether 
different stress parameters were influenced differentially by the different stressors 
and/or modifying factors.
In Chapter 2 we investigated the influence of ambient water temperature on 
the stress response of juvenile turbot. The fish were subjected to two acute handling 
stressors, tank transfer and net confinement, after rearing at 10 and 19 °C. We 
determined primary and secondary stress parameters in blood and plasma (cortisol, 
glucose, lactate, osmolality, ions and hematocrit), as well as electron microscopical 
stress parameters in the gills.
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The nutritional state of a fish has a profound effect on its body energy 
reserves, which in turn may affect the available anabolic energy for growth and 
adaptive responses. In the studies of Chapters 3 and 4 we investigated the effects of 
high rearing temperatures and reduced feeding rations on growth performance, body 
energy reserves and physiological stress responses of juvenile turbot. Chapter 3 
presents the first part of this study, in which we examined the influence of the 
ambient water temperature and reduced feeding rations on growth performance, 
nutrient retention, and body composition of juvenile turbot. The fish were reared at 
16 and 22 °C and fed to satiation or fed restricted rations at each temperature, in 
order to obtain animals with different whole body energy reserves. The latter were 
estimated by determining the proximate body composition and whole body glycogen 
reserves.
In the second part of the study, presented in Chapter 4, we examined if and 
how the apparent differences in body energy reserves influence the response of the 
fish after acute handling stress. Fish reared at the different temperature/ration 
combinations were subjected to a different acute handling stressor, namely air 
exposure. We determined primary and secondary stress parameters in blood plasma 
(cortisol, glucose, lactate, osmolality, and ions), as well as electron microscopical 
stress parameters in the gills.
In Chapter 5 we investigated the interaction between the ambient water 
temperature and salinity on the stress response of juvenile turbot. The fish were 
subjected to another acute handling stressor, i.e. enforced exercise, after rearing at 
water temperatures of 10, 18 and 22 °C, and at water salinities of 33.5 and 15%o at 
each temperature. In this experiment we measured primary and secondary stress 
parameters in blood plasma (cortisol, glucose, lactate, osmolality, and ions).
In Chapter 6 we investigated the influence of ambient water temperature on 
the stress response of different strains of juvenile Atlantic halibut, and compared the 
stress response of this species with that of juvenile turbot. In line with the study of 
chapter 2, the fish were subjected to tank transfer and net confinement, after rearing 
at 12 and 18 °C. We determined survival, behavioral changes, primary and secondary 
stress parameters in blood and plasma (cortisol, glucose, lactate, osmolality, ions and 
hematocrit), and electron microscopical stress parameters in the gills.
The Chapters 5 and 6 of this thesis form part of the results of EU-project FAIR 
CT97-3544, entitled: 'A multidisciplinary evaluation and optimization of the 
production characteristics of different strains of commercially cultured flatfish.' The 
overall objective of this project was to define the importance of temperature and
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salinity on growth performance, immune competence, stress resistance, and 
physiological adaptation of juvenile turbot and Atlantic halibut of different genetic 
background, in order to improve the aquaculture production of these species. Over 
the years it has become evident that stress-related problems in aquaculture are a 
major constraint to the development of this industry. Many routine management 
procedures in fish farming, such as capture, anesthesia, grading, sorting, weighing, 
measuring, tagging, or transportation can evoke stress and may reduce the yield of 
production (e.g. Flos et al., 1988; Barton & Iwama, 1991; Pickering, 1998). 
Therefore, in order to optimize fish farming production, not only growth and feed 
conversion, but also aspects such as stress resistance and immune competence should 
be taken into account.
The abovementioned FAIR-project was performed in cooperation with 
partners in Bergen (Norway) and Cork (Ireland). The Department of Fisheries and 
Marine Biology of the University of Bergen was responsible for the growth 
measurements, whereas the Aquaculture Development Center at the University 
College of Cork investigated the immune competence of the fish. Chapters 2, 3 and 4 
are the results of two additional EU-Large Scale Facility projects (LSF 
ERBFMGECT950013) with The Department of Fisheries and Marine Biology in 
Bergen. For Chapter 2, additional funding was received from the Dutch Technical 
Science Foundation (STW NBI 22.2832) and the Royal Dutch Academy of Sciences 
(KNAW AFD/CZ/9099). All the experiments of this thesis were performed in the 
rearing facilities of The Industrial and Aquatic Laboratory in the High Technology 
Center, University of Bergen, Norway.
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CHAPTER 2
The stress response of juvenile turbot is influenced 
by the water temperature
E.H. van Ham, A.K. Imsland, S.O. Stefansson, A. Foss, B.O. Sveinsbo, 
C.J.M.van der Meij & S.E. Wendelaar Bonga

1. Abstract
We investigated the influence of two water temperatures (10 and 19 °C) on the stress 
response of juvenile turbot after subjection to tank transfer (TT) or net confinement 
(NC). The stress response was characterized by examining primary and secondary 
stress parameters in blood, and ultra-structural changes associated with stress in the 
gills. Basal levels of physiological blood parameters were not influenced by water 
temperature. TT fish displayed only an initial rise in plasma cortisol at 19 °C, which 
was absent at 10 °C. NC turbot at 19 °C displayed higher rates and magnitudes in 
plasma cortisol and lactate responses, and a significant rise in plasma glucose, 
compared to NC fish at 10 °C. Changes in plasma osmolality, Na+, and Cl- in NC fish 
at 19 °C were small, of shorter duration, and less pronounced than at 10 °C, 
suggesting a faster recovery of osmoregulatory disturbance at near-optimal 
temperatures. Plasma K+ and blood hematocrit levels did not change significantly in 
TT and NC fish at any temperature. At both temperatures, gill tissue damage in TT 
fish was very limited, whereas NC fish showed slightly increased rates of apoptosis. 
Thus, the stress response was more pronounced at 19 than at 10 °C, and much more 
pronounced in NC than in TT fish. The changes in cortisol indicate that the observed 
stress responses were mainly due to activation of the brain-pituitary-interrenal axis. 
The minor elevations in plasma glucose, lactate, osmolality and ions, the absence of 
a marked rise in hematocrit, and the absence of marked branchial damage, indicate 
that the brain-sympathetic-chromaffin cell axis, and hence the release of 
catecholamines, was only mildly stimulated. This is in marked contrast with 
responses of many other fish species, i.e. salmonids and tilapias, which show a 
pronounced catecholaminergic response to the same type of stressors. This difference 
might be linked to the inactive, sedentary lifestyle of turbot. The higher 
responsiveness at 19 °C may reflect a higher overall adaptive capacity compared to 
10 °C.
2. Introduction
In this chapter we describe the stress response of juvenile turbot after exposure to 
two types of stressors at two water temperatures. A large part of research on fish 
stress has been done on salmonids and tilapia species, and other teleosts are often 
assumed to respond in a similar way to stressors. The validity of this assumption 
does not always hold true, and even closely related species might show different
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responses (Pankhurst et al., 1992; Pickering, 1998), probably related to the ecological 
niche of the animals concerned. Until now, few papers have described the effects of 
stressors in turbot (Chapter 1). These studies were either performed solely on 
cannulated fish (Waring et al., 1996, 1997), a procedure that induces stress by itself 
(Gamperl et al, 1994b), or only a small selection of stress parameters was measured 
(Staurnes, 1994, 2001; Mugnier et al., 1998). Moreover, the studies of Waring et al. 
(1996, 1997) and Mugnier et al. (1998) were all performed at rearing temperatures 
between 10-12 °C, which is well below the optimal range of 16-20 °C reported for 
turbot by Burel et al. (1996). Recently, Imsland et al. (2000a) reported temperature 
optima between 19 and 24 °C for growth of juvenile turbot between 10-120 g, 
depending on size and geographic origin of the animals. Person Le Ruyet et al. 
(1998) did perform stress experiments with turbot at water temperatures between 17­
19 °C, but they used a toxicological stressor (NH3 exposure) which not only evokes a 
stress response but also has toxic effects, and measured only a small selection of 
general stress parameters besides NH3 specific ones.
The ambient water temperature has proven to be an important modifying 
factor of the stress response in several fish species, but reported temperature effects 
are not consistent. At higher water temperatures both higher and lower resting 
levels of physiological parameters associated with stress have been reported, 
as well as higher rates of increase and recovery, and/or higher magnitudes 
of stress responses (Strange, 1980; Davis et al., 1984; Barton & Schreck, 1987; 
Davis & Parker, 1990; Ryan, 1995; Pottinger et al, 1999). Apart from the 
differences in water temperature applied in the various studies on this subject, 
differences in species and applied stressors may also account for some of 
the reported differences in the effects of temperature. The higher rearing 
temperatures at which turbot are currently grown (typically 17-20 °C) may 
modify their responsiveness to stressors compared to previous reports at lower 
temperatures, but to our knowledge this has not been investigated systematically. 
The objectives of the present study were to investigate i) whether the stress response of 
juvenile turbot is influenced by water temperature, ii) whether different stress 
parameters are influenced differentially by water temperature, and iii) whether the 
effects of different stressors are influenced differentially by water temperature. Two 
handling stressors, tank transfer and net confinement, were used to evaluate the stress 
response in juvenile turbot. The fish were reared at 10 °C, in accordance with many 
earlier publications on stress in turbot, and at 19 °C, which is in the optimal temperature 
range for growth reported by Imsland et al. (2000a). We measured several 
primary and secondary stress parameters in blood and plasma, as well as ultra-
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structural changes associated with stress in the gills (Wendelaar Bonga 1997; 
Dang et al, 1999).
3. Materials & Methods
3.1. Fish husbandry
Juvenile turbot, which were the offspring of wild-caught parents of Norwegian 
origin, were obtained from Stolt Seafarm in Kvinesdal, Norway. The animals were 
kept in 1 m2 square, gray, covered fiberglass tanks (400 l. water volume, 80 fish per 
tank) at the High Technology Center in Bergen, Norway, with flow-through seawater 
(salinity 34.5 ± 0.2%o) and a light regime of L:D = 16:8. Initially, the fish were 
reared for 6 months at 13 and 16 °C. During this period they were left undisturbed 
apart from routine husbandry and monthly weightings to monitor growth. Five weeks 
before the stress experiment, water temperatures were changed from 13 to 10 °C and 
from 16 to 19 °C, after which the fish were left undisturbed until the start of the 
experiment. At that time, the fish at 10 °C had reached a mean weight (SD) of 213,3 
(59.9) g, and at 19 °C 247.9 (76.8) g. Oxygen saturation was measured weekly in the 
effluent water of all tanks and was always above 80%. During the growth and 
acclimation period the fish were fed with automatic feeders twice per day for one 
hour with commercial pellets (Supra Marin, T. Skretting A/S, Stavanger, Norway). 
Feeding was ceased 24 h prior to and during the stress experiment.
3.2. Experimental setup
Two groups of fish in duplicate tanks were used at each temperature (10 and 19 °C). 
Prior to the start of the experiment samples were taken from 8 fish at each temperature 
(PS, meaning pre-stress samples). At the start of the experiment, all fish from one tank 
at each temperature were transferred directly from their original tank to a similar tank 
with the same temperature, in which they were immediately released. This procedure 
was completed within 3 minutes by catching 1-4 fish rapidly at each time with a 6 l. 
dipnet. These fish will be further called TT (tank transfer) fish. The fish from the other 
tank at each temperature were transferred to another tank in exactly the same way, but 
before being released they were confined all together just below the water surface for
25 minutes in a net. This net was closed in such a way that the fish were immobilized 
and 'stacked' in close contact with each other. These fish will be further called NC (net 
confined) fish. Samples were taken from TT and NC fish at each temperature (n= 6-8) 
at six time-points after stress: t = 0.5, 2, 6, 10, 24 and 48 h. The stress response of the 
fish was determined by measuring physiological parameters in blood (hematocrit) 
and plasma (cortisol, glucose, lactate, osmolality and Na+, Cl", and K+ ions), as well 
as by microscopical analysis of gill epithelia with transmission electron microscopy
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(EM) for possible ultra-structural tissue damage. At both temperatures, gill samples 
were taken from fish before stress, and from TT and NC fish at t=24 h post­
treatment.
3.3. Sampling methods and analytical techniques
All fish were removed from the tanks and immediately killed with a blow to the head 
before sampling. Blood samples were collected from the caudodorsal blood vessels, 
just below the spine at the right (dorsal) side, with cooled heparinized 1 ml syringes. 
Blood for hematocrit measurements was collected with micro-hematocrit tubes 
(Vitrex), which were spun for 5 min at 11.500 rpm and 5 °C in a BHG Hermle ZK380 
centrifuge.
Plasma samples were obtained by centrifugation of the blood for 10 min at 
3000 rpm and 5 °C in the same centrifuge, and stored at -80 °C until further analysis. 
Plasma cortisol concentrations were measured with a specific rabbit-anti-cortisol 
antibody (Klinger, St.Albans, Herts., England). Radioactivity of the 3H-labeled cortisol 
tracer was quantified using a Wallac 1410 Liquid Scintillation ß-Counter (Pharmacia). 
Plasma glucose and lactate were measured with commercial enzymatic assays from 
Sigma. Plasma osmolality levels were measured with a Osmomat 030 osmometer 
(Gonotech). Plasma Na+ and K+ levels were measured with an IL 943 flame photometer 
(Instrumentation Laboratories), whereas Cl- levels were measured with a CMT10 
chloride meter (Radiometer).
Gill samples were obtained from the second gill arch at the dorsal side. Tissues 
were fixed for EM analyses in 3% glutaraldehyde buffered in Na+ -cacodylate (0.1 mol.l- 
', pH 7.3) for 40 min on ice, washed briefly in 0.1% Na+ -cacodylate, and post-fixed for 2 
h in 1% osmium tetroxide in Na+-cacodylate on ice. For TEM analysis, ethanol- 
dehydrated tissues were embedded in Spurr's resin. Ultrathin sections, collected on 150 
mesh copper grids, were contrasted with uranyl acetate and lead citrate, and examined in 
a 100 CXII transmission electron microscope (Jeol).
3.4. Statistical analyses
Statistical analyses were performed with Statistica 5.5 for Windows (StatSoft Inc., 
2000). The assumption of homogeneity of variances was tested for all data, which 
were log-transformed if necessary. Data were initially subjected to regression 
analyses according to Packard & Boardman (1999) for determination of possible 
effects of body size, but significant correlations were not found (r2<0.05, ,P>0.1). 
One-way analysis of variance (ANOVA) was used to test for temperature effects on 
each parameter before stress. Two-way ANOVA was used a) to test for temporal
28
differences between TT and NC fish for each parameter at each temperature, and b) 
to test for temperature effects in TT and NC fish for each parameter at each time 
point. All ANOVAs showing significant differences were followed by a Tukey HSD 
post-hoc test. Significance was accepted when P<0.05 (Zar, 1984).
4. Results
4.1. Blood and plasma parameters
Mean levels of plasma cortisol before stress (PS) were around 10 ng/ml and similar 
at both temperatures (P>0.7, Fig. 2.1). At 10 °C, cortisol levels in TT fish were not 
much affected in TT fish, whereas in NC fish they were significantly higher than PS- 
levels at t=0.5 h (P<0.05) and t=2 h (P<0.01), the latter being also significantly 
different from levels in NC fish at t=48 h (P<0.05). The cortisol levels in NC fish 
remained slightly, but not significantly, elevated until t=24, compared to TT fish and 
PS-levels. At 19 °C, cortisol responses were generally higher than at 10 °C, and 
levels increased significantly within 30 minutes in both TT fish and NC fish 
(P<0.05). In TT fish, levels were reduced to levels below 30 ng/ml at t=2 h, and 
generally remained like that. In NC fish, levels remained significantly elevated at t=2 
h (P<0.05), and showed further upward tendencies until t=10 h. Two-way ANOVA 
revealed a significant temperature effect on plasma cortisol at t=0.5 h (P<0.01).
Mean levels of plasma glucose before stress (PS) were between 1.4-1.9 
mmol/l and similar at both temperatures (P>0.1, Fig. 2.1). At 10 °C, no significant 
effects were found on plasma glucose levels, although in both TT and NC fish levels 
were slightly higher than before stress. At 19 °C, no significant changes were found 
in TT fish. In NC fish, glucose values were significantly elevated at t=2 h and t=6 h 
compared to levels before stress and those in TT fish at t=0.5, 6 and 48 h (P<0.001). 
At t=2 h, two-way ANOVA revealed a significant temperature effect on plasma 
glucose (P<0.05).
Mean levels of plasma lactate before stress (PS) were between 0.1-0.4 
mmol/l and similar at both temperatures (P>0.5, Fig. 2.2). At 10 °C, lactate levels did 
not change significantly in TT fish, and in NC fish levels they were only 
significantly elevated at t=2 h, compared with levels before stress and at t=48 h 
(P<0.05). At 19 °C, again no significant changes were found in TT fish. In NC fish 
lactate levels were significantly increased at t=0.5 (P<0.05) and t=2 h (P<0.001), but 
had returned to pre-stress levels at t=6 h.
Mean plasma osmolality before stress (PS) was similar at both temperatures 
(P>0.4, Fig. 2.2). At 10 °C, osmolality levels did not change significantly in TT fish.
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In NC fish, levels were significantly elevated at t=0.5 (P<0.05), compared to pre­
stress levels and those in TT fish at most time-points. At 19 °C, no significant 
differences were found.
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Fig 2.1. Plasma cortisol (ng/ml) and glucose (mmol/l) concentrations before stress (PS) and 
after stress treatment in turbot reared at 10 and 19 °C. Means ± S.E., n=6-8. TT = tank 
transfer; NC = net confinement. Significant differences between groups are indicated with 
letters (P<0.05). Groups sharing the same letter are not significantly different. n.s. = not 
significant.
Mean levels of plasma sodium before stress (PS) were slightly but 
significantly lower at 19 °C than at 10 °C (P<0.05, Tables 2.1, 2.2). At 10 °C, levels 
in TT fish were slightly increased at t=0.5 h. The levels in NC fish were significantly 
increased at t= 0.5 h compared to all other groups (P<0.01). In both TT and NC fish 
this increase had disappeared at t=2 h. At 19 °C responses were generally lower than 
at 10 °C. Levels in TT fish did not change significantly, whereas in NC fish Na+ 
levels increased significantly at t= 0.5 h (P<0.05), compared to all other groups. In
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both TT and NC fish minor fluctuations occurred throughout the experiment after 
t=2 h. Two-way ANOVA revealed significant temperature effects on plasma Na+ at 
t=0.5 h (P<0.001), t=2 h (P<0.05), and t=6 h (P<0.0001).
Time (h)Tim e (h)
Fig 2.2. Plasma lactate concentrations (mmol/l) and osmolality (Osmol/kg) before stress (PS) 
and after stress treatment in turbot reared at 10 and 19 °C. Means ± S.E., n=6-8. TT = tank 
transfer; NC = net confinement. Significant differences between groups are indicated with 
letters (P<0.05). Groups sharing the same letter are not significantly different. n.s. = not 
significant.
Mean plasma chloride levels before stress were similar at both temperatures 
(P>0.5, Tables 2.1, 2.2). At 10 °C, Cl- levels in TT fish did not increase significantly, 
but they were significantly lower at t=48 h than at t=0.5, 2, and 24 h (P<0.05). Cl- 
levels in NC fish were significantly higher at t= 0.5 h (P<0.05) compared to all other 
time-points. At 19 °C, levels in TT fish were significantly elevated at t=24 h 
(P<0.05). In NC fish, Cl- levels were significantly elevated at t=0.5 h (P<0.05), 
compared to most other time points. In both TT and NC fish minor fluctuations
31
occurred throughout the experiment after t=2 h. Two-way ANOVA revealed 
significant temperature effects on plasma Cl- at t=2 h (P<0.001) and t=6 h (P<0.01).
Mean levels of plasma potassium (K+) before stress were similar at both 
temperatures (P>0.8), and did not change significantly throughout the experiment 
(Tables 2.1, 2.2).
Mean blood hematocrit levels before stress were similar at both temperatures 
(P>0.3, Tables 2.1, 2.2). At 10 °C, no significant differences were found between 
groups, whereas at 19 °C hematocrit levels increased slightly in NC fish (P<0.05).
Table 2.1. Plasma ions (mmol/l) and blood hematocrit levels (%) before stress (Pre-Stress) 
and at various time points (in hours) after stress treatment in turbot reared at 10 °C. Values 
(mean ± S.E) in columns, n=6-8. TT = tank transfer, NC = net confinement. Significant 
differences between TT and NC fish at the same temperature are indicated with letters 
(P<0.05). Values in the same column without letters or with the same added letter are not 
significantly different.
10 °C
Time Stressor Na+ Cl" K+ Hematocrit
Pre-Stress 158 .8± 0 9c 135.8 ± 0 9bcd 3.4 ± 0.1 16 6± 1.5
0.5 TT 169 .7 ± 1,8b 140.0 ± 2.0b 3.7 ± 0.2 21 2± 18
NC 180.4 ± 3,1a 146.6 ± 1.8a 3.2± 0.1 21 7 ± 13
2 TT 161 .6± 3,3bc 138.9 ± 1.8b 3.6± 0.2 19 1± 14
NC 164 .3 ± 2,4bc 137.5 ± 1.4bc 3.5 ± 0.2 20 3 ± 15
6 TT 164 .7 ± 1,3bc 135.1 ± 10bcd 3.2± 0.1 16 5 ± 22
NC 166 .2± 1 1b 133.6 ± 1.0cd 3.4 ± 0.1 18 3 ± 14
10 TT 158 .2± 1.5° 134.1 ± 1 1bcd 3.0± 0.1 17 0± 17
NC 155 .7 ± 0.7° 132.8 ± 0.8cd 3.0± 0.1 15 7 ± 2 3
24 TT 161 .0± 0,8bc 137.8 ± 0 7bc 3.1± 0.1 19 1± 10
NC 161 .1± 0 9bc 137.6 ± 1.3bc 3.0± 0.1 17 1± 13
48 TT 161 .5 ± 0 9bc 130.9 ± 1.1d 3.1± 0.1 16 1± 11
NC 156.3 ± 1,2c 131.3 ± 0.9d 3.1± 0.1 17 5 ± 14
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Table 2.2. Plasma ions (mmol/l) and blood hematocrit levels (%) before stress (Pre-Stress) 
and at various time points (in hours) after stress treatment in turbot reared at 19 °C. Values 
(mean ± S.E) in columns, n=6-8. TT = tank transfer, NC = net confinement. Significant 
differences between TT and NC fish at the same temperature are indicated with letters 
(P<0.05). Values in the same column without letters or with the same added letter are not 
significantly different.
Time
i
Stressor
i
Na+
19 °C
Cl- K+ Hematocrit
Pre-Stress 153.1 ± 2.1cd 133.8 ± 1.1bc 3.4 ± 0.1 19.4 ± 0.6abc
0.5 TT 158.1 ± 1.6bc 137.0 ± 1.2bc 3.5 ± 0.2 21.6 ± 1.2ab
NC 168.5 ± 2.8a 143.9 ± 2.6a 3.9 ± 0.1 23.4 ± 1.1a
2 TT 153.3 ± 0.9bc 131.6 ± 0.7bc 3.3 ± 0.1 18.1 ± 1.1abc
NC 160.9 ± 0.9b 132.5 ± 1.1bc 3.8 ± 0.1 20.9 ± 0.8ab
6 TT 154.8 ± 0.8bc 128.0 ± 1.4c 3.2 ± 0.1 15.5 ± 1.0c
NC 157.1 ± 1.1bc 130.6 ± 1.7bc 3.8 ± 0.2 17.1 ± 1.1bc
10 TT 147.2 ± 1.4d 130.6 ± 1.2bc 3.2 ± 0.1 17.3 ± 1.2bc
NC 147.2 ± 1.7d 130.9 ± 0.9bc 3.3 ± 0.1 14.1 ± 1.5c
24 TT 154.3 ± 1.4bcd 138.5 ± 1.3a 3.4 ± 0.1 18.3 ± 1.3abc
NC 155.8 ± 1.1bc 137.1 ± 0.8b 3.4 ± 0.2 18.3 ± 1.0abc
48 TT 157.1 ± 1.2bc 135.1 ± 1.8bc 3.7 ± 0.3 20.5 ± 2.3abc
NC 158.4 ± 0.7bc 136.4 ± 1.4ab 3.4 ± 0.2 21.7 ± 1.8ab
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4.2. Gill ultrastructural histology
Only minor differences in gill structures were observed between the two 
temperatures. Gill structure of pre-stress gill samples showed the typical structure of 
healthy, undamaged fish gills in general (Laurent, 1994) and were similar at both 
temperatures, with hardly any intercellular spaces, leukocytes or signs of apoptosis, 
and only an occasional macrophage (Fig. 2.3 a). Gill filaments of the TT fish at both 
temperatures showed a few more lymphocytes, leukocytes, and apoptotic pavement 
cells. Otherwise, they were similar to the controls (Fig. 2.3b). No differences from 
controls were observed in the lamellae. Also few intercellular spaces were shown, 
and it was concluded that gill tissue damage as a result of rapid tank transfer was 
very limited at both temperatures. In the NC fish at both temperatures gill tissue 
damage was slightly more pronounced than in the TT groups. The number of 
secretory granules in the pavement cells had increased (Fig. 2.3c), and there were 
more apoptotic chloride cells (Fig. 2.3d), pavement cells, and mucus cells. The 
lamellae showed little difference with the controls, except for an occasional 
macrophage and, in some lamellae, slight extension of the intercellular spaces (Figs 
2.3e,f).
Fig 2.3. Gill filaments (a-d) and lamellae (e,f) of juvenile turbot reared at 19 °C. a) Pre-stress 
control. cc = chloride cell; pc = pavement cell; fc = filament cell. b) Tank transfer, t=24 h. 
cc = chloride cell; mc = mucus cell; pc = pavement cell with the moderately dense 
appearance of early apoptosis. c) Net confinement, t=24 h. cc = chloride cell; pc = pavement 
cell containing electron transparent secretory granules (sg) typical for stressed fish; between 
the cells some enlargement of the intercellular clefts is visible (s, center of the micrograph). 
d) Net confinement, t=24 h. Apart from a normal mature chloride cell (cc) an apoptotic 
chloride cell (acc) and parts of apoptotic pavement cells are present; some enlargement of the 
intercellular spaces is present (s, lower part of the picture). e) Pre-stress control. pc = 
pavement cell (or respiratory cell) covering the lamella; p = pillar cell; bc = red blood cell in 
the vascular space of the lamella. f) Net confinement, t=24 h. pc = pavement cell; p = pillar 
cell. At the basis of the pavement cell signs of epithelial lifting are observed; in the resulting 
space a leukocyte (lc, probably a macrophage) is present. In all pictures scale bar = 1 ^m.
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5. Discussion
In this study we demonstrated clear temperature effects on the stress response to two 
types of handling stressors, tank transfer (TT) and tank transfer with prolonged net 
confinement (NC). At the near-optimal temperature of 19 °C, fish showed higher 
responses than at 10 °C (suboptimal), with plasma cortisol, glucose and lactate being 
more affected than ionoregulatory parameters and blood hematocrit. There were also 
differences between the two stressors, with more pronounced responses in NC fish.
Pre-stress cortisol levels in TT and NC fish were in line with values 
previously reported for cannulated and uncannulated turbot kept at various 
temperatures between 10-20 °C (Waring et al., 1996, 1997; Mugnier et al., 1998; 
Person Le Ruyet et al., 1998). Generally, plasma cortisol levels in temperate teleost 
fish rise rapidly within a few minutes after exposure to an acute stressor, from levels 
between 2-40 ng.ml-1 in resting fish to 20-500 ng.ml-1 in stressed fish (Gamperl et al., 
1994a). In our TT fish, plasma cortisol levels were not much affected at 10 °C, 
whereas at 19 °C an initial elevation was only found 30 minutes after the transfer. In 
NC fish, the rise in plasma cortisol was slower at 10 than at 19 °C. Overall, cortisol 
peak levels were low in magnitude (<100 ng/ml) and short in duration, which 
indicates that the fish recovered rapidly from the applied handling stressors. The low 
magnitude of the cortisol response is in agreement with results of Waring et al. 
(1996), who confined cannulated turbots sized between 600-700 g individually in 
dip-nets under water for 9 minutes at 11 °C. A comparable procedure was applied by 
Irwin et al. (1999) for uncannulated turbot sized between 90-180 g around 20 °C. In 
both these studies cortisol peak levels around 60-70 ng/ml were found one hour after 
confinement, whereas in our study comparable levels were already reached after 30 
minutes in NC fish at 19 °C. The modest cortisol responses in our NC turbot are in 
contrast with observations in Salmonidae, Cyprinidae and Percichtyridae subjected to 
handling stressors with durations of 1-30 minutes. It appears that plasma cortisol 
levels can rise rapidly to 100-200 ng/ml in Salmonidae, and up to 500 ng/ml in 
Cyprinidae and Percichtyridae, and take 24 h or more to return to near-baseline 
levels (e.g. Barton & Schreck, 1987; Waring et al., 1992; Pottinger, 1998; Pottinger 
et al., 2000; Davis & Parker, 1990; Noga et al., 1994).
Reports of temperature effects on the cortisol response after physical 
disturbance in other species show variable effects on plasma resting levels, 
magnitudes and rates of increase and recovery of plasma elevations. Sumpter et al. 
(1985) described higher resting levels and a more rapid cortisol response with greater 
elevations after handling and confinement in brown trout (Salmo trutta) reared at
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13.4 °C than at 5 °C. In channel catfish (Ictalurus punctatus), Davis et al. (1984) 
found higher resting levels of plasma cortisol between 5-10 °C than in fish reared 
between 15-21 °C and 25-35 °C, but a more rapid release, higher elevations and 
faster recovery after net confinement at the higher temperatures. In contrast, Strange 
et al. (1977) did not find differences between resting plasma cortisol levels and 
magnitudes of increase in stressed juvenile cutthroat salmon (Salmo clarkii) at 9 and
23 °C, but recovery was faster at 23 °C. Davis & Parker (1990) observed greater 
changes in plasma cortisol after net confinement in striped bass (Morone saxatilis) 
reared at 25 and 30 °C than at temperatures between 10-21 °C, in addition to a slower 
recovery and higher resting levels at 30 °C. Pottinger et al. (1999) found higher 
elevations in plasma cortisol of roach (Rutilus rutilus) subjected to handling and 
confinement at 16 °C than at 5 °C, but resting levels of plasma cortisol were similar 
at both temperatures. Finally, cortisol release seems to be slow in Antarctic fish 
species, and this has been attributed to the low ambient seawater temperature (Ryan, 
1995). Temperature-related differences in cortisol release are generally attributed to 
increases in rates of secretion and clearance at higher temperatures, as a result of 
higher metabolic rates (Sumpter et al., 1985; Barton and Schreck, 1987; Davis & 
Parker, 1990). We conclude that in juvenile turbot the rate of increase in plasma 
cortisol levels was enhanced at a higher temperature, which may reflect higher 
metabolic rates. The magnitude of the cortisol peaks and the rate of recovery were 
also influenced, but to a lesser extent. Furthermore, in line with observations on 
turbot by Mugnier et al. (1998), we did not observe any influence of sampling 
rank/order of individual fish on plasma cortisol levels. Together with the absence of 
high cortisol peaks after t=6 h, the relatively fast recovery from the initial rise, and 
the absence of a pronounced response in secondary stress parameters after t=6 h, we 
conclude that turbot is not very sensitive to disturbance from serial removals from 
the same tanks.
Plasma glucose levels were not significantly affected by any stressor at 
10 °C, but at 19 °C the rise in plasma glucose levels were more pronounced in NC 
fish. The glucose patterns in fish at 10 °C are very similar to those observed in net- 
confined turbot at 11 °C by Waring et al. (1996), who found slight but insignificant 
elevations up to 5 h post-stress, whereas our PS-levels are in agreement with 
observations by Staurnes (1994). Many fish species show a rapid initial 
hyperglycemic response, as a result of catecholamine-induced liver glycogenolysis, 
whereas more prolonged hyperglycemia under (post-)stress conditions more often 
reflects hepatic gluconeogenesis which is mediated by cortisol (Vijayan et al., 1997; 
Fabbri et al., 1998). The absence of significantly elevated glucose levels in TT fish
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might indicate that these processes were not evoked by this particular stressor, which 
could also hold true for NC fish at 10 °C. The glucose elevation in the first two hours 
after net confinement in NC fish at 19 °C most likely reflects catecholamine-induced 
glycogenolysis. Plasma catecholamines (CAs) were not directly measured in this 
study, since they are very sensitive to sampling disturbance (Barton & Iwama, 1991), 
and can only be measured reliably in cannulated fish preferably kept under light- 
shielded conditions, but cannulation is though a stressful event in itself (Duthie & 
Tort, 1985; Tang & Boutelier, 1988; Gamperl et al., 1994b; McDonald & Milligan, 
1997). Nevertheless, the low magnitude of the glucose elevations suggests that CAs 
were not released in large amounts. The decline in plasma glucose after t=6 h may 
indicate that activation of gluconeogenesis did occur only to a minor extend, which is 
supported by the low magnitude and short duration of the cortisol response in these 
fish. Barton and Schreck (1987) reported higher glucose responses after air exposure 
in chinook salmon acclimated to 21 °C than at 7.5 and 12.5 °C, whereas Davis & 
Parker (1990) found that net confined striped bass kept at 25 and 30 °C displayed 
greater changes in plasma glucose than fish kept between 10-21 °C. Higher glucose 
responses to stressors at higher temperatures are considered to be a reflection of 
stimulated release of CAs because of a greater metabolic activity in fish acclimated 
to a higher temperature. In line with our results on cortisol, we conclude that the 
higher glucose response in stressed fish at 19 °C probably resulted from higher 
metabolic rates at this temperature.
Plasma lactate increased in NC fish at both temperatures, but the rate and 
magnitude of the lactate elevations were much greater in NC fish at 19 °C, indicating 
a temperature influence on lactate metabolism. The recovery time, however, was 
similar in NC fish at both temperatures. The levels in our PS fish are in line with 
values in turbot reported by Waring et al. (1996) and Maxime et al. (2000). Muscle 
and plasma lactate levels increase mainly from increased anaerobic glycogenolysis, 
under conditions in which glycogen stores are depleted and lactate and H+ ions 
accumulate in the white muscle tissue, followed by a partial and differential release 
of each into the bloodstream. In teleost fish, the majority of lactate produced during 
anaerobic metabolism remains within the white muscle tissue, where it is directly 
converted into glycogen via in situ glycogenesis during recovery (Milligan & Girard, 
1993; Sadler et al., 2000). The maximum increase of lactate elevations in our turbot 
study was below 2 mmol/l (10 °C) and 3 mmol/l (19 °C), which is in line with 
findings on Pleuronectidae and other relatively inactive benthic species after 
enforced exercise (e.g. Wood and Milligan, 1987; Pagnotta & Milligan, 1991; Girard 
& Milligan, 1992). In rainbow trout, white muscle lactate retention and recovery
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after exercise have been suggested to be under control of circulating CAs (Milligan, 
1996; Milligan et al., 2000), but this could not be demonstrated in freshwater carp 
(Cyprinus carpio; Knudsen & Jensen, 1998) and the marine flatfish starry flounder 
(Platychtus stellatus; Wood & Milligan, 1987). For the latter species it was 
concluded that there is a limited release of CAs after exhaustive exercise, indicating 
only a minor involvement of CAs in regulation of oxygen transport and recovery 
metabolism. In this way, low release of CAs would result in higher white muscle 
lactate retention, and therefore lower plasma lactate levels, which is precisely what 
we found in our study on turbot.
Enhancement of lactate metabolism after exhaustive exercise at higher 
temperatures has been reported for roach (Wieser et al., 1986; Dalla Via et al., 1989), 
rainbow trout (Oncorhynchus mykiss; Kieffer et al., 1994) and Atlantic salmon 
(Salmo salar; Wilkie et al., 1997). Our results are in line with those of Kieffer et al. 
(1994), who observed higher peak lactate levels in plasma of rainbow trout at 18 °C 
than at 5 °C, but similar recovery times at both temperatures. Higher plasma lactate 
levels at higher temperatures may result from temperature-dependent changes in 
various metabolic processes, such as temperature-dependent muscle-to-blood 
gradients, increased diffusion of small molecules within the muscle tissue, and higher 
perfusion rates of white muscle tissue (Kieffer et al., 1994; Wilkie et al., 1997). 
Although we used intrinsically different stressors, much of these explanations may 
also apply to our turbot, which generally displayed a similar lactate metabolism as 
observed in flatfish of the family Pleuronectidae.
Changes in plasma osmolality, Na+ and Cl" were small and appeared to be 
slightly more pronounced at 10 °C. Changes in osmolality, Na+ and Cl- have been 
related to stressor effects on gill structure, and osmoregulatory disturbance may be 
associated with branchial disfunctioning, as a result of stress-related structural 
changes in the gills. Previous studies have shown that some ultra-structural changes 
are specific for certain stressors, but many others are non-specific changes that occur 
after exposure to many different stressors. Observed changes included epithelial 
lifting, infiltration of dilated intercellular spaces with leukocytes, and highly 
increased rates of apoptosis (physiologically controlled cell death), necrosis (accidental 
cell death), and mitosis (cell division), as a result of increased cellular turnover 
(Wendelaar Bonga, 1997; Dang et al, 1999). However, the near absence of these 
phenomena in TT fish, and the relatively low occurrence of them in NC turbot, 
indicates that this was not the cause of the observed disturbances. Osmoregulatory 
disturbance may also be the result of increased gill permeability through actions of 
circulating CAs (Fabbri et al., 1998; Reid et al., 1998), but this usually leads to more
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pronounced disturbances than we observed here. The absence of epithelial lifting is 
also indicative of a minor involvement of CAs in the stress response (Wendelaar 
Bonga, 1997). Instead, the low magnitude and rapid restoration of the observed 
changes point more towards short-term hemoconcentration, due to loss of plasma 
water moving out of the circulation into the tissues, as the primary cause of the 
osmoregulatory disturbances. This is a further indication of only a mild release of 
CAs (Wendelaar Bonga, 1997). The slightly lower magnitude of osmoregulatory 
effects at 19 °C might be the result of a faster restoration of the disturbance at this 
temperature. Wilkie et al. (1997) did find higher resting levels, higher rates of 
increase and recovery, but similar response magnitudes in plasma osmolality after 
exercise in Atlantic salmon at 23 °C compared to 12 and 18 °C. The faster recovery 
at 23 °C was attributed to higher turnover rates of ion transport mechanisms in gills, 
kidneys, and white muscle tissue, and this could also explain the temperature effect 
in our osmoregulatory observations.
Plasma K+ levels did not change significantly at any temperature or stressor. 
This is in contrast with studies of Turner et al (1983a,b) on rainbow trout and 
flathead sole (Hippoglossoides elasodon), and with Waring et al. (1992; 1996) on 
Atlantic salmon, flounder and turbot, who all observed significant increases in 
plasma K+ after exercise or handling stress. Elevated plasma K+ levels are usually 
signs of intracellular acidosis in arterial blood, which can be of mixed respiratory and 
metabolic origin and has been correlated with K+ extrusion in mammalian skeletal 
muscle (Turner, 1983a,b; Knudsen & Jensen, 1998). Opdyke et al. (1982) suggested 
that elevations in plasma K+ might be partly responsible for the release and 
maintenance of circulating CAs after exercise. Our K+ results indicate that metabolic 
acidosis in turbot occurred only to a mild extent. This is in line with the low absolute 
increase in plasma lactate levels and reflects a low degree of intracellular blood 
acidosis, which corresponds with the low levels of circulating CAs indicated by the 
parameters discussed above.
Blood hematocrit levels were around 20% and did not change much after 
handling stress, which again indicates little release of CAs (Wendelaar Bonga, 1997). 
Staurnes (1994), Mugnier et al. (1998), Pichavant et al. (2000), and Waring et al. 
(1996) all reported similar hematocrit levels for turbot, and the latter authors also 
found no increase after net confinement. The absence of significant changes in 
hematocrit is in line with the minor changes and rapid recovery in osmolality and 
ions, and confirms our hypothesis that these changes were due to short-term 
hemoconcentration. Resting hematocrit levels in turbot are considerably lower than 
in salmonids, where they are between 35-40% (Claireaux & Audet, 2000). Stress
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may result in the release of red blood cells from the spleen, and in swelling of the 
erythrocytes. Both processes are mediated by CAs, and result in increased hematocrit 
and hemoglobin concentration, and decreased mean cellular hemoglobin content. 
However, blood is also subjected to dehydration (Bath & Eddy, 1979), and water loss 
from the plasma increases hematocrit and hemoglobin concentrations, whereas red 
cell dehydration results in decreased hematocrit and lower mean cellular hemoglobin 
content. These two processes can give mixed results and are not always easily 
distinguishable, which may explain why we did find changes in the osmotic balance 
but not in blood hematocrit.
Overall, it seems that the response to the stressors in this study were mainly 
due to activation of the brain-pituitary-interrenal (BPI) axis, as indicated by the mild 
elevations in plasma cortisol. The minor elevations in plasma glucose, lactate, 
osmolality and ions, the absence of a marked rise in hematocrit, as well as the 
absence of marked branchial damage, are all indicative of only a minor activation of 
the brain-sympathetic-chromaffin cell (BSC) axis, and hence little release of CAs. 
According to Perry and Bernier (1999), CA release only occurs under conditions of 
severe physiological impairment, whereas during mild or moderate stress circulating 
CA-levels do not change and do not play a major role in mediating physiological and 
metabolic responses. The ultimate stimulus for CA release appears to be hypoxemia,
i.e. the depression of blood oxygen content below a hemoglobin saturation level of 
approximately 50% (Perry & Reid, 1994; Perry & Bernier, 1999; Perry et al., 2000). 
Turbot are capable of maintaining high values of O2 tension in arterial blood even 
under conditions of severe hypoxia through mechanisms such as hyperventilation, 
lack of metabolic depression and blood acidosis, and possibly cutaneous oxygen 
uptake (Maxime et al., 2000). In addition, Imsland et al. (1997, 2000b) have 
demonstrated the existence of three different hemoglobin types with different O2- 
affinity properties in turbot. Hemoglobin polymorphism results in an overall higher 
oxygen affinity capacity, and is considered to be a compensatory mechanism for low 
environmental oxygen conditions and fluctuating environmental temperatures. As a 
result, turbot is very tolerant to O2 deficiency, which they may frequently experience 
in their natural habitat (Maxime et al., 2000). The turbot in our study may have been 
able to prevent blood hypoxemia during stress thanks to these adaptations, and hence 
a massive release of CAs did not occur. Such a suppression of the BSC-axis might be 
related to the ecological niche of this species. CA-release thresholds are not 
influenced by water temperature, but the hemoglobin oxygen affinity is lower in 
blood of fish acclimated to higher temperatures (Perry & Reid, 1994). Consequently, 
the threshold level for CA- release is reached faster at higher temperatures. Apart
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from the differences in metabolism of turbot reared at 10 and 19 °C, this might be an 
additional mechanism for explaining the differences in rate of the glucose and lactate 
responses in our turbot.
In summary, our results clearly demonstrate a major effect of water 
temperature on the stress response of juvenile turbot. Basal levels of parameters in 
blood and plasma were not influenced by water temperature, in line with 
observations in turbot by Burel et al. (1996). In TT fish, the temperature influence 
became clear from the initial rise in cortisol at 19 °C, which was absent at 10 °C. 
Rapid tank transfer hardly evoked a stress response in the fish, in contrast to net 
confinement. The temperature influence was much more profound in NC fish, which 
responded at 19 °C with higher responses in plasma cortisol and lactate, and a 
significant rise in plasma glucose, but a less pronounced rise in plasma osmolality 
and Na+, compared to 10 °C. The response of turbot to net-confinement involved 
mostly activation of the BPI-axis, and only a mild activation of the BSC-axis. When 
interpreting stress-induced physiological changes in fish, it is important to realize 
that a stress response has essentially an adaptive value for an animal. Higher short­
term stressor responsiveness might therefore reflect a higher and overall beneficial 
adaptive capacity (Pottinger et al., 1994; Pottinger & Pickering, 1997; Pottinger and 
Carrick, 1999b). Given the fact that the highest adaptive responses in our study were 
found at 19 °C, which is close to the optimal temperature for growth reported by 
Imsland et al. (2000a), we conclude that the higher responsiveness at this 
temperature indeed reflects a higher overall adaptive capacity.
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CHAPTER 3
The influence of temperature and feeding ration on juvenile 
turbot: Effects on growth, feed conversion, body composition 
and nutrient retention
E.H. van Ham, M.H.G. Berntssen, A.K. Imsland, A.C. Parpoura, 
S.E. Wendelaar Bonga & S.O. Stefansson

1. Abstract
The influence of two water temperatures (16 and 22 °C) on growth, feed conversion, 
body composition, and nutrient retention was investigated in juvenile turbot fed to 
satiation (0.9 and 1.1% bw.d-1 at 16 and 22 °C, respectively) and at restricted rations 
of 65% and 35% of the satiation level at each temperature. Fish fed the same % 
rations at 16 and 22 °C did not differ in final mean weight or specific growth rate, 
which decreased at restricted rations. Feed restriction did not result in an increase in 
size heterogeneity over time at any temperature, as indicated by the stability of the 
coefficients of variation of weight. At both temperatures the highest feed conversion 
efficiency (FCE) was found at the 65% ration, and the FCE from fish fed the same 
rations was higher at 16 °C than at 22 °C. A similar trend was found in energy and 
protein retention levels. At both temperatures, fish fed 35% rations had lower body 
lipid and higher ash and moisture content compared to fish fed to satiation, with the 
most pronounced effects on lipids and ash at 22 °C. Feeding ration proved to be the 
main differentiating factor in all growth, feed conversion and body composition 
parameters, whereas additional temperature and/or interaction effects were found in 
FCE, whole body protein, lipid, moisture and energy contents. Between fish fed 
100% and 65% rations, only minor differences were found, but at 35% ration the 
rearing temperature of 22 °C had a pronounced negative influence, and resulted in a 
reduction of available anabolic energy for growth and adaptive responses.
2. Introduction
One of the most important factors influencing fish growth in situations where food is 
not limited in quality or quantity is the water temperature (Brett & Groves, 1979; 
Corey et al, 1983). Generally, the growth rate increases with increasing temperature 
within the thermal tolerance of the fish, due to an increase in appetite, food 
consumption, and kinetics of metabolic processes (Jobling, 1993). However, when 
the water temperature becomes super-optimal, i.e. when it approaches the upper 
extreme of the tolerated temperature range, it becomes stressful to the fish and has a 
negative instead of a stimulatory influence (Jobling, 1993).
Data of optimum temperature ranges are available for many fish species. For 
turbot, optimal temperature ranges for growth were previously reported between 16 
and 19 °C for Norwegian turbot between 25 and 75 g (Imsland et al., 1996), and 
between 16 and 20 °C for French turbot between 35 and 140 g (Burel et al., 1996). 
More recently, Imsland et al. (2000) reported higher growth temperature optima for
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turbot (between 19 and 24 °C), depending on size and geographical origin of the 
animals. However, in all these studies an excessive feeding regime was used to 
obtain maximum growth of the fish. Under restricted feeding conditions growth 
performance may change. Usually the highest feed conversion efficiencies (FCEs) 
are obtained below satiation (Meyer-Burgdorff et al., 1989; Zoccarato et al., 1994), 
and at temperatures slightly below those stimulating maximum growth rate (Imsland 
et al., 2000). For commercial fish farming restricted feeding without growth 
suppression is preferable for economical and environmental reasons, as well as for 
better final product quality.
The overall objective of the present study was to determine the effects of 
high rearing temperatures and reduced feeding rations on growth performance, 
energy metabolism and physiological stress resistance of juvenile turbot. This 
chapter presents the results of the first part of this study, in which we investigated the 
influence of two temperatures (16 and 22 °C, the latter being towards the higher limit 
of the optimal range) on growth performance, body composition, and nutrient 
retention of juvenile turbot fed either to satiation or on restricted rations. In the 
second part of the study we investigated the stress response of these fish after 
exposure to an acute handling stressor. These results are presented in Chapter 4.
3. Materials and Methods
3.1. Fish husbandry
Juvenile turbot, which were the offspring of wild-caught parents of Norwegian 
origin, were obtained from Stolt Seafarm in Kvinesdal, Norway. The animals had an 
initial weight of 69.0 ± 16.5 g (mean ± SD) and were held in 16 1-m3 square, gray, 
covered fiberglass tanks (400 l rearing volume, n=40 fish per tank, initial stocking 
density approximately 6.9 kg.m-3) at the High Technology Center in Bergen, South­
West Norway, under flow-through seawater conditions (salinity 34.5 ± 0.2%o) and a 
light regime of LD 16:8. The fish were initially held at 17.5 °C for 7 days, and then 
the water temperature was decreased or increased by 1 and 2 °C.d-1 to ca. 16 and 22 
°C, respectively. For the next 53 days, the fish were held at water temperatures of
16.04 ± 0.02 and 22.07 ± 0.03 °C, and fed on 100, 65 and 35% of satiation rations, 
with two tanks for each combination of temperature and ration. Mean oxygen 
concentrations at the water outlet of the tanks were 6.94 ± 0.06 mg.l-1 (85.9 ± 0.8% 
saturation) at 16 °C, and 5.84 ± 0.31 mg.l-1 (79.6 ± 3.1% saturation) at 22 °C.
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3.2. Feeding regime and growth parameters
Fish were fed a commercial pellet feed (Supra Marin, T. Skretting A/S, Stavanger, 
Norway) with 15% fat, 52% protein, 21.5% carbohydrates, and gross energy content 
22.0 MJ.kg-1. At each temperature the given amount of feed was approx. 2% of the 
body weight. Every day, quantities of uneaten feed were collected from the effluent 
for two hours after start of feeding. Remaining pellets in the tanks were collected by 
siphoning or netting. Feed intake was calculated from the amount of feed supplied 
minus collected feed. The satiation levels, which were defined as the 100% feeding 
ration for each temperature, were 0.9% of the wet body weight per day during the 
whole growth period at 16 °C, and 1.1% at 22 °C. The other groups were fed at 
restricted rations of 65% and 35%, which were adjusted every day according to the 
100% rations at each temperature. Fish were fed with automatic feeders for one hour 
twice per day, from 06.30-07.30 and 15.30-16.30 h.
Feed conversion efficiency (FCE) was calculated as wet weight gain (g) per 
gram dry feed intake (Kinghorn, 1983). Individual weights of all fish were measured 
at the beginning, the middle and the end of the growth period, i.e. at day 1 (t = 0), 
day 26, and day 53, after a fasting period of 24 h. The weight measurements of day
26 were used to adjust the given amount of feed to the increase in body weight (2%). 
The specific daily growth rate (SGR) was calculated as % change in body weight per 
day according to Ricker (1979): SGR (%) = 100 * (lnW2 - lnW1) * (t2-t1)-1. Inter­
individual variations in body weight were assessed by calculation of the coefficient 
of variation: CVW (%) = (SD * (mean weight)-1) * 100. Changes in the coefficient of 
variation during the growth period were calculated as: ACVw (%) = CVt=53 / CVt=0.
3.3. Chemical analyses of whole body and feed composition
Eight fish from each temperature/ration combination were taken at the beginning and 
the end of the experiment, and were analysed individually for whole body proximate 
composition according to Berntssen et al. (1999). Feed composition was determined 
with the same method. Digestible carbohydrate and glycogen were determined with a 
modified enzymatic method described by Hemre et al. (1989).
3.4. Calculation of whole body energy content, energy and protein retention 
Whole body energy content was calculated as kJ.100 g-1 wet weight of fish from the 
body contents of protein, lipid and carbohydrates with conversion factors of 24, 38 
and 17 kJ.g-1, respectively (Jobling, 1993). Apparent energy or protein retention 
levels (ER and ProR, respectively) were calculated as: [(final mean wet weight/fish * 
(final energy or protein content/100))-(initial mean wet weight/fish * (initial energy
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or protein content/100)] / (total feed consumption/fish) * (% energy or protein in 
feed/100) (Hardy, 1989).
3.5. Statistics
Statistical analysis of the data was performed with a statistical package (Statistica
5.0, StatSoft 1995). The assumption of homogeneity of variances was tested for all 
data, which were log-transformed if necessary. Two-way analysis of variance 
(ANOVA) was used to test for the interaction between temperature and ration on 
growth and feed conversion data, whereas two-way analysis of covariance 
(ANCOVA) was used to test for the interaction between those factors on whole body 
composition and energy data, with fish weight as a covariate according to Shearer 
(1994). Significant ANOVAs and ANCOVAs were followed by a Student Newman- 
Keuls multiple comparison test to locate differences between groups. Significance 
was accepted when P<0.05.
4. Results
4.1. Growth performance and feed conversion
Mean weight of fish in all groups increased significantly over the 53 days of the 
experiment according to ration (P<0.0001, Fig. 3.1). At the 100% rations, weight 
increased to 123.6 ± 5.0 g at 16 °C, and to 127.9 ± 5.0 g at 22 °C. At the 65% rations, 
it increased to 110.2 ± 4.1 g and 112.0 ± 4.7 g at 16 and 22 °C, respectively, whereas 
at the 35% rations weight increased to 87.6 ± 3.6 g at 16 °C, and to 86.5 ± 3.3 g at 22 
°C. Final mean weights of fish fed the same ration level were not significantly 
different. Neither at 16 °C nor at 22 °C did feed restriction result in an increase in 
size heterogeneity, since the coefficients of variation for weight remained stable 
throughout the experiment (Table 3.1).
In accordance with the mean weight increase, the SGR decreased 
significantly at both temperatures with a reduction in feeding ration (P<0.0001). 
Similarly, the SGR of fish fed the same ration at different temperatures was not 
significantly different (Table 3.1).
Mean FCEs differed between groups, the highest FCE being found in fish 
reared at 16 °C on a 65% ration, and the lowest in fish reared at 22 °C on a 35% 
ration (Table 3.1). The FCE showed a similar trend at both temperatures, with 
highest mean values at 65% rations, although not significantly different from the
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100% rations, and a significant reduction at the 35% rations. Consequently, both 
temperature (P<0.001) and ration (P<0.001) effects were found on FCE.
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Fig. 3.1. Mean weights (g) at the start of the growth trial (initial weight) and after 53 
days of rearing at 16 and 22 °C, feeding rations of 100, 65 and 35% (means ± S.E., 
n=80). Significant differences between groups are indicated with letters (P<0.05). 
Groups sharing the same letter are not significantly different.
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Fig. 3.2. Energy retention (%) after 53 days of rearing at 16 and 22 °C, feeding rations 
of 100, 65 and 35% (means ± S.E., n=2). Significant differences between groups are 
indicated with letters (P<0.05). Groups sharing the same letter are not significantly 
different.
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Fig. 3.3. Protein retention (%) after 53 days of rearing at 16 and 22 °C, feeding rations 
of 100, 65 and 35% (means ± S.E., n=2). Significant differences between groups are 
indicated with letters (P<0.05). Groups sharing the same letter are not significantly 
different.
Table 3.1. Feed consumption (%bw.d-1), specific daily growth rates (SGR, %.d-1), feed 
conversion efficiencies (FCE, g.g-1), and changes in coefficients of variation of body weight 
(ACVw, %) after 53 days of rearing at 16 and 22 °C, feeding rations of 100, 65 and 35% 
(means ± S.E., n=2). Significant differences between values in columns are indicated with 
letters (P<0.05); values in columns with the same letters are not significantly different.
Tempe­
rature
Ration
(%)
Feed
consumption
(% bw.d-1)
SGR
(%.d-1)
FCE
(g.g-1)
ACVW
(%)
16 °C 100 0.9 1.16 ± 0.05a 1.20 ± 0.03ab 1.06 ± 0.3
16 °C 65 0.6 0.85 ± 0.01b 1.30 ± 0.05a 1.02 ± 0.3
16 °C 35 0.3 0.46 ± 0.01c 1.09 ± 0.01b 1.02 ± 0.5
22 °C 100 1.1 1.15 ± 0.09a 1.06 ± 0.04b 1.02 ± 0.8
22 °C 65 0.7 0.87 ± 0.00b 1.17 ± 0.00b 1.01 ± 0.7
22 °C 35 0.4 0.36 ± 0.02c 0.80 ± 0.02c 1.14 ± 0.5
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Table 3.2. Whole body contents of protein, lipid, moisture, ash (% of wet weight), glycogen 
(mg.g-1 dry weight), and energy (kJ.100 g wet weight-1) at the start of the growth trial (t=0) 
and after 53 days of rearing at 16 and 22 °C, feeding rations of 100, 65 and 35% (means ± 
S.E., n=8). Significant differences between values in columns are indicated with letters 
(P<0.05); values in columns with the same letters are not significantly different.
Temperature 
& Ration (%)
Protein
(% ww)
Lipid
(% ww)
Moisture
(% ww)
Ash
(% ww)
Glycogen
(mg.g-1 dw)
Energy 
(kJ.100g WW-1)
t = 0 14.4 ± 0.1d 3.9 ± 0.1d 75.9 ± 0.3a 4.5 ± 0.1a 3.1 ± 0.2b 515.3 ± 4.9d
16 °C 
16 °C 
16 °C
100
65
35
16.2 ± 0.2b 
15.4 ± 0.3c 
15.3 ± 0.2c
8.0 ± 0.3a
7.0 ± 0.3ab
6.1 ± 0.5b
72.0 ± 0.3c 
72.3 ± 0.6c
73.1 ± 0.5b
3.4 ± 0.1d
3.9 ± 0.1bc
3.9 ± 0.1bc
7.4 ± 0.8a 
5.3 ± 0.9a 
5.1 ± 0.8ab
698.6 ± 13.6a
659.7 ± 12.3ab
626.8 ± 19.8b
22 °C 
22 °C 
22 °C
100
65
35
15.9 ± 0.2bc 
17.2 ± 0.3a 
15.7 ± 0.2bc
7.8 ± 0.4a
6.9 ± 0.3ab 
4.8 ± 0.2c
71.6 ± 0.4c 
71.2 ± 0.8c 
74.1 ± 0.3b
3.6 ± 0.1cd 
3.9 ± 0.1bc 
4.1 ± 0.1a
5.0 ± 0.5ab 
4.9 ± 0.4ab
5.1 ± 0.7ab
697.5 ± 15.1a 
689.7 ± 18.0a 
580.4 ± 9.8c
4.2. Whole body composition, energy content, energy retention and protein retention 
Whole body composition data are presented in Table 3.2. Whole body protein 
increased significantly in all groups during the growth period, as a result of 
temperature (P<0.001), ration (P<0.0001), and interaction effects (P<0.0001). 
However, no clear trend was found between the groups. The highest body protein 
content was found in fish fed the 65% ration at 22 °C, followed by fish fed 100% 
ration at 22 °C, whereas levels did not differ significantly among other groups.
Whole body lipid contents increased significantly in all groups during the 
growth period, and were influenced by both temperature (P<0.05) and ration 
(P<0.0001). At the end of the growth period, body lipid levels were significantly 
lower in fish fed 35% rations than in fish fed the higher rations, and the lowest value 
was observed at 22 °C. (Table 3.2).
Whole body moisture content decreased significantly in all groups during the 
growth period. Two-way ANCOVA indicated significant ration (P<0.0001) and 
interaction (P<0.05) effects on body moisture contents. After 53 days significantly 
higher mean levels were found in fish fed 35% rations at 16 and 22 °C (Table 3.2).
Whole body ash content decreased significantly in all groups during the 
growth period, compared to t=0. There was a trend of having higher ash content in 
fish fed a lower ration at both temperatures (P<0.0001, Table 3.2).
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Whole body glycogen contents were influenced by feeding ration (P<0.001), 
but not by temperature. Nevertheless, they increased in all groups during the growth 
period, but only significantly in fish fed 100% and 65% rations at 16 °C (Table 3.2).
Whole body energy contents increased significantly in all groups during the 
growth period, as a result of ration (P<0.0001) and interaction (P<0.05) effects. Body 
energy contents increased with increasing rations, and the lowest value was observed 
in fish reared at 22 °C on 35% ration. (Table 3.2).
Energy and protein retention were both influenced by feeding ration 
(P<0.05), but not by temperature (Fig. 3.2 and 3.3, respectively). The energy 
retention varied between 21.2 ± 4.2% and 57.6 ± 5.0%, whereas the protein retention 
varied between 12.9 ± 2.1% and 44.4 ± 1.1%. In both parameters a similar trend was 
found, with the highest retentions found in fish reared at 16 °C on 65% ration. At the 
same temperature, intermediate values of energy and protein retention were found at 
the 100% ration, and the lowest values at the 35% ration. The same trend was found 
at 22 °C, but with less pronounced differences between 65 and 100%. Overall, the 
lowest energy retention was found at 16 °C and 35% ration, whereas the lowest 
protein retention was found at 22 °C and 35% ration.
5. Discussion
Studies on several fish species have revealed that with increasing temperature the 
SGR increases at higher ration levels and decreases at lower ration levels 
(Wurtsbaugh & Davis, 1977; Cui & Wootton, 1988; Xiao-Jun & Ruyung, 1992). In 
this study, however, turbot fed on the same relative rations at 16 and 22 °C did not 
differ in growth rate, with a tendency of decreasing growth at the lowest ration at 
22 °C compared to 16 °C. The differences between groups with respect to growth 
rate were solely caused by the ration level, which proved to be the main 
differentiating factor in all growth, feed conversion and body composition 
parameters.
A higher water temperature imposes two antagonistic effects on growth: 
increasing temperature has a negative effect on growth due to higher energy cost for 
maintenance metabolism, but also a positive effect due to higher efficiency of 
transforming food energy into net energy (Xiao-Jun & Ruyung, 1992). Within the 
temperature range tolerated by a fish species, growth rate increases with increasing 
temperature (Zanuy & Carrillo, 1985; Shimeno & Shikata, 1993; Parpoura, 1998), 
but when the experimental temperature reaches the upper extreme of the tolerated
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range, usually the opposite result is obtained (Williams & Caldwell, 1978; Hasan & 
MacIntoch, 1991). From our results it can be concluded that, although a temperature 
of 22 °C has been considered as super-optimal for growth of turbot by Imsland et al. 
(1996, 2000), it does not exceed the optimal range for growth in our study, since 
growth rates were not significantly different for each ration level between 16 and 
22 °C. This suggests that juvenile turbot between 70-200g have a fairly large 
temperature optimum interval for growth.
The restricted rations applied in this study on turbot did not cause an increase 
in size heterogeneity at either temperature, since the coefficients of variation of 
weight (CVW) changed little over time and were similar in all groups. This absence of 
a change in CVW is in agreement with observations by Saether & Jobling (1999) on 
turbot fed restricted rations at 15-17 °C, but in contrast with many studies on feed 
restriction in salmonids (e.g. Jobling & Baardvik, 1994; Jobling & Koskela, 1996). 
When salmonids are held in groups, restricted feeding often leads to the 
establishment of feeding hierarchies, in which dominant individuals are securing a 
major proportion of the supplied feed, thereby hampering and/or suppressing the 
growth of subordinate fish (Jobling 1993). These inequalities may result in an 
increase in size variation with time (Jobling & Koskela, 1996). However, in 
schooling species such as European sea bass (Boujard et al., 1996) and whitefish 
(Jobling et al., 1999) this occurs to a lesser extent. Saether & Jobling (1999) 
concluded that the growth of turbot under restricted feeding conditions is more in 
line with that of schooling species than with that of salmonids. The results of our 
study support this conclusion.
The only parameter almost equally affected by both temperature and feeding 
ration in our study was the FCE. At both temperatures the best feed conversion was 
found at the 65% ration, and the feed conversion from fish fed the same relative 
rations was better at 16 °C than at 22 °C, due to higher feed consumption for the 
same growth at the higher temperature. Better feed conversion efficiency at rations 
below satiation level at a constant temperature are commonly observed in fish, i.e. 
rainbow trout (Wurtsbaugh & Davis, 1977), striped bass (Cox & Coutant, 1981), 
minnow (Cui & Wootton, 1988), carp (Hasan & MacIntoch, 1991), and channel 
catfish (Li & Lovell, 1992). However, for juvenile turbot highly efficient feed 
conversion at rations as low as 65% of the satiation level has, to our knowledge, not 
been reported before.
Under conditions of restricted feeding, fish tend to optimize their digestion 
in order to utilize nutrients in the feed more efficiently, thereby increasing the feed 
conversion (Meyer-Burgdorff et al., 1989; Zoccarato et al., 1994). This is confirmed
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by the similar trends found in energy retention and protein retention, both of them 
showing the highest levels in fish fed the 65% rations. The lower energy and protein 
retention at satiation levels can be explained by a higher energy requirement for feed 
assimilation at higher feed consumption, which is usually accompanied by reduced 
nutrient absorption (Meyer-Burgdorff et al., 1989). The low energy and protein 
retention observed at 35% rations indicate that a substantial fraction of the reduced 
energy intake was used to cover maintenance metabolism at the expense of somatic 
growth. It is surprising that, although the FCE was affected by temperature, no 
significant temperature effect was found on the protein and energy retention levels. 
There was only a tendency to get higher retentions at 16 °C with the 65% ration 
level, notably for the energy retention. This lack of significance may be attributed to 
the small number of replicates (n=2) compared to a mild variability. However, a 
absence of water temperature effects on protein and energy retention has also been 
observed in other species, i.e. sea bass (Hidalgo & Alliot, 1988), carp (Huisman et 
al., 1979; Shimeno & Shikata, 1993), and sharpsnout bream (Parpoura, 1998), and 
Cowey & Luquet (1983) concluded from similar observations that there is no change 
in the ratio of protein deposition:protein synthesis with a change in water 
temperature.
All proximate parameters changed significantly in our study, although no 
clear trends in whole body protein and glycogen were observed at the end of the 
growth period. Generally, regardless of water temperature, the body lipid content 
increased clearly with increasing rations, while body moisture and ash tended to 
decrease. In fact, it was mainly the fish fed the 35% rations that stood apart from the 
others. Significant differences were found only for body protein and ash content 
between fish fed the 65 and 100% rations. Concerning the temperature, lipid and ash 
contents were significantly affected, but only at the 35% ration levels, with lower 
body lipid and energy levels and a higher ash content in fish at 22 °C, compared to 
16 °C. Generally, the proximate composition of cultured fish is affected by various 
endogenous and exogenous factors. Shearer (1994) summarized the findings of a 
number of published papers with emphasis on proximate composition of growing 
salmonids, and concluded that protein and ash levels are determined by fish size 
(endogenously controlled), that lipid levels are affected by both endogenous and 
exogenous factors (size, dietary energy input, metabolic energy demands), and that 
whole body moisture is inversely related to body lipid levels. The proximate 
composition results of our study on juvenile turbot are generally in agreement with 
these conclusions.
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Our results could offer interesting management options for commercial 
turbot farmers. The highest growth rates were found at the satiation levels, with no 
difference between the two temperatures, albeit at a higher feed cost at 22 °C. 
However, in terms of feed efficiency the fish were performing better at a reduced 
ration of 65%, especially at 16 °C, whereas the body composition of these fish was 
not much different from fish fed to satiation. Therefore, in order to control rates of 
fish production, commercial farmers could restrict feed delivery to the fish with 
approximately one-third of the satiation level for several weeks without risking the 
final quality of their product. Our results further demonstrate that this approach can 
be applied in a temperature range of 16-22 °C. Apart from water temperature, feed 
consumption is influenced by the qualitative and quantitative feed composition, 
which determines its energy content, and the feeding frequency (Jobling, 1993). In 
our study, the actual daily feed consumption in % of body weight (% bw) at the 
satiation level was 0.9% at 16 °C and 1.1% at 22 °C (Table 1). This is lower than 
recommendations from several commercial feeding tables for feeds with comparable 
pellet size, fat content, and gross energy contents as in our study (i.e. Hendrix S.p.A., 
Sofrada Aquaculture S.A.). For instance, for Trouvit Europa Marine 16 (Hendrix
S.p.A.), the recommended daily feeding percentages for marine fish between 60-400 
g are 1.2-1.4% bw at 16 °C and 1.7-1.8% bw at 22 °C. Our results of lower daily 
feed intake become even more interesting when is taken into account that the best 
feed conversions were found at the 65% rations, which is only 0.6 and 0.7% bw at 16 
and 22 °C, respectively (Table 3.1). Further, the difference in daily feed consumption 
at satiation levels between 16 and 22 °C in our study was only 0.2% bw. According 
to Li & Lovell (1992) and Parpoura (1998), feed composition can affect the 
consumption in fish fed rations below satiation level, but when they are fed to 
satiation the consumption is mostly determined by water temperature, stomach size 
and ability to digest. Therefore, the small difference in daily feed consumption at 
satiation level between the two temperatures in our study may be explained by an 
approximately similar stomach size and ability to digest of the fish.
On the other hand, the 35% feeding rations did have a pronounced negative 
influence, as shown by the significantly lower FCEs, whole body lipids, and growth, 
compared to fish fed on higher rations. These differences resulted in significantly 
lower body energy contents at 35% rations, especially at 22 °C. It can be concluded, 
therefore, that although feeding ration was the dominant factor causing significant 
differences, higher metabolic energy requirements and reduced whole body energy 
stores were found in fish reared at the higher temperature and the lower rations,
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which probably resulted in a reduction of available anabolic energy for growth and 
adaptive responses.
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CHAPTER 4 
The influence of temperature and feeding ration on juvenile 
turbot: Effects on the stress response after air exposure
E.H. van Ham, G. Kruitwagen, R.D. van Anholt, M.H.G. Berntssen, A.K. Imsland, 
A.C. Parpoura, C. J.M. van der Meij, S.E. Wendelaar Bonga & S.O. Stefansson

1. Abstract
The relation between energy metabolism and physiological stress resistance was 
investigated in juvenile turbot reared at different combinations of water temperature 
(16 and 22 °C) and feeding rations (100% (satiation level), 65%, and 35%). After a 
growth period of 53 days, when fish fed on reduced rations had significantly lower 
whole body energy stores, fish from all groups were subjected to a handling stressor 
consisting of rapid removal from the rearing tanks, followed by 20 minutes air 
exposure, and transfer back in the tanks. This caused an initial stress response, but 
most physiological disturbances had disappeared after 3.5 hours. Temperature and 
feeding rations had distinct effects on the immediate stress response, with 
temperature dominating cortisol release and regulation of the hydromineral balance, 
and ration determining parameters related to energy metabolism (glucose and 
lactate). Long-term histo-pathological changes in gills were generally scarce, but 
more often observed in fish reared at 22 °C and 35% ration than in the other groups. 
Post-stress mortalities did not occur. The results indicate that not only temperature 
but also feeding conditions can modify the impact of stressors on fish. The apparent 
differences in energy metabolism did not affect the capacity of turbot to cope with air 
exposure. The stress response involved activation of the brain-pituitary-interrenal 
axis, as indicated by the cortisol elevations. The minor elevations in plasma glucose, 
lactate, osmolality and ions, and the scarcity of marked branchial damage, indicate 
that the brain-sympathetic-chromaffin cell axis, and hence catecholamine release, 
was only mildly stimulated. This is in marked contrast with many other fish species, 
which show a pronounced catecholaminergic response to air exposure. This 
difference may be linked to the inactive, sedentary lifestyle of turbot.
2. Introduction
Chronic exposure of fish to stressful conditions may cause a diverse range of 
biochemical and physiological effects, including iono/osmoregulatory, acid/base 
respiratory, and circulatory disturbances, which may evoke restorative (stress) 
responses (Rosseland and Staurnes, 1994). Such responses can lead to a higher 
metabolic use of energy, which will reduce the available anabolic energy and may 
inevitably result in reduced growth and disease resistance (Barton and Schreck, 
1987; Wendelaar Bonga, 1997). In juvenile rainbow trout (Oncorhynchus mykiss) it 
was found that acute physical stress reduced the scope for activity with
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approximately 25% (Barton and Schreck, 1987). A reduction in scope for activity 
after stress was also suggested by Strange and Cech (1992) for striped bass (Morone 
saxatilis), which showed decreased swimming endurance after net confinement. 
Davis and Schreck (1997) found that in juvenile coho salmon (O. kisutch) metabolic 
costs increased with the severity of handling stress. The energy metabolism of an 
animal is related to its nutritional state, and this can therefore be a modifying factor 
of the stress response (Thomas et al., 1986; Barton et al., 1988; Vijayan & Moon,
1992).
In situations where food is not limited in quality or quantity, the ambient 
water temperature is one of the most important factors influencing fish growth (Brett 
& Groves, 1979; Corey et al, 1983), but it is also a major regulatory factor of the 
stress response in fish. In Chapter 2 we found that in juvenile turbot higher water 
temperatures cause higher stress responses after net confinement, but not all the 
examined stress parameters were affected to the same extent. In Chapter 3 we 
presented the first part of a study with the overall objective to determine the effects 
of high rearing temperatures and reduced feeding rations on growth performance, 
energy metabolism and physiological stress resistance of juvenile turbot. For this 
purpose, fish were reared for 53 days at water temperatures of 16 °C and 22 °C, and 
fed rations of 100% (satiation level), 65% and 35% of the satiation level at both 
temperatures. Fish fed on reduced rations had significantly lower whole body energy 
stores after the growth period. The objective of the follow-up study presented in this 
chapter was to examine whether the apparent differences in energy metabolism 
would influence the response of the fish to acute handling stress. Fish from all 
temperature/ration combinations were subjected to a handling stressor consisting of 
rapid removal from the rearing tanks, followed by 20 minutes air exposure, and 
return in the tanks. Turbot is known to be very tolerant to O2 deficiency, which they 
may frequently experience in their natural habitat (Maxime et al., 2000). Turbot 
juveniles can survive considerable time out of water if they are protected from 
dehydration (Boeuf et al., 1999). However, a detailed investigation of the 
physiological response in turbot under such conditions has not yet been performed. 
For this purpose, we measured several well-established primary and secondary stress 
parameters (cortisol, glucose, lactate and ions) in blood plasma, in order to 
investigate if different stress parameters are related to the whole body energy content. 
In addition, we measured stress parameters in the gills using light- and electron 
microscopy (Wendelaar Bonga 1997; Dang et al, 1999).
60
3. Materials & Methods
3.1. Fish husbandry
The origin and rearing conditions of the fish are described in Chapter 3, paragraph
2.1.
3.2. Experimental setup
After the growth period, all fish from one of the replicate tanks of each 
temperature/ration combination were exposed to a stressful treatment, while the fish 
from the other replicate tank served as controls to test for sampling stress. The applied 
handling stressor consisted of rapid removal of all fish from the rearing tanks within 
1 minute, followed by 20 minutes air exposure in a round 100 l. tank without water, 
and immediate transfer of the fish back into their original tank. Feeding was ceased
24 h before sampling. Samples from 8 fish were taken from the control and air 
exposed groups before stressor application (PS) and from 7 fish at t = 0.45, 3.5, 7, 24 
and 96 h post-air exposure. The stress response of the fish was determined by 
measuring plasma cortisol, glucose, lactate, osmolality and Na+, Cl", and K+ ions, as 
well as by analysis of gill epithelia with light microscopy (LM) and transmission 
electron microscopy (EM). Gill samples were taken before stress and at t=24 h post­
treatment from fish fed on 100% and 35% rations at both temperatures.
3.3. Sampling methods and analytical techniques
Sampling methods and analytical techniques for plasma cortisol, glucose, lactate, 
osmolality, and ions were similar as described in Chapter 2, paragraph 2.3.
Gill samples were obtained from the second gill arch at the dorsal side. Tissues 
for LM analysis were fixed for 24 h in Bouin's fixative (picric acid/formaldehyde/acetic 
acid = 15/5/1), washed 2 times in distilled water and preserved for further treatment in 
70% ethanol. After routine dehydration in alcohol series, the tissues were embedded in 
paraffin wax. Longitudinal sections of 5 mm thickness were cut with a microtome 
(Biocut MOD.1330). Sections were stained with Alcian blue pH 2.5 to visualize mucous 
cells containing acid glycoproteins, and with hematoxylin and eosin as counterstains for 
a general overview. Tissues for EM analysis were fixed and processed as described in 
Chapter 2, paragraph 2.3.
3.4. Statistical analyses
Statistical analyses were performed with Statistica 5.5 for Windows (StatSoft Inc., 
2000). The assumption of homogeneity of variances was tested for all data, which
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were log-transformed if necessary. Data were initially subjected to regression 
analyses according to Packard & Boardman (1999) for determination of possible 
body size effects. Subsequently, data were subjected to two-way ANOVA or, when 
significant and moderate-to-high correlations were found, two-way ANCOVA with 
body weight as a covariate to remove body size effects (Packard and Boardman,
1999). Two-way ANOVAs and ANCOVAs were used a) to test for temporal 
differences between control and stressed fish for each parameter at each combination 
of temperature and feeding ration, and b) to test for the interaction between 
temperature and feeding ration separately on control and stressed fish for each 
parameter at each time point. All ANOVAs and ANCOVAs that showed significant 
differences were followed by a Tukey HSD post-hoc test. Significance was accepted 
when P<0.05 (Zar, 1984).
4. Results
4.1. Plasma parameters
Mean plasma cortisol levels before stress (PS) varied between 5-18 ng/ml and were 
not significantly different between temperatures or rations (P>0.5). Plasma cortisol 
levels in CO fish did not change significantly over time at any temperature-ration 
combination (Fig. 4.1). In 16°C-100% fish (meaning fish reared at 16 °C and fed a 
100% ration), as well as 22°C-100% and 16°C-65% fish, air exposure (AE) caused a 
significant increase at t=0.45 (P<0.05). At t=3.5 h, cortisol was back to resting levels, 
and no other significant differences were found over time. In 16°C-35% AE-fish, an 
additional peak was found at t=24 h, which is most likely connected with acute stress 
through sampling disturbance and not post-air exposure stress, since it did not occur 
in the other groups and was not accompanied by a response in secondary stress 
parameters. The magnitude of the plasma cortisol increase at t=0.45 h was lower in 
22°C-65% and 22°C-35% AE-fish. Statistical analyses for interactions between 
water temperatures and feeding rations revealed a highly significant temperature 
effect on plasma cortisol of AE-fish at t=0.45 h (P<0.0001), and less significant 
ration effects at t=3.5 h and t=24 h (P<0.05), indicating a reduced stress response in 
AE-fish at high temperature and low ration.
Mean plasma glucose levels before stress (PS) were around 2-2.5 mmol/l and 
not significantly different between groups (P>0.5). Plasma glucose levels in CO fish 
did not change significantly over time at any temperature-ration combination 
(Fig. 4.2). In 16°C-100% and 22°C-100% AE-fish, air exposure caused a significant
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increase in plasma glucose at t=0.45 h (P<0.02), and levels did not return to pre­
stress levels until t=7 h. A similar increase was found at t=0.45 h in 16°C-65% AE- 
fish (P<0.01) and 16-35% AE-fish (P<0.05), but at these rations the peaks had 
disappeared at t=3.5 h.
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Fig 4.1. Plasma cortisol concentrations (ng/ml) before stress (PS) and after stress-treatment in 
turbot reared at 16 and 22 °C and fed rations of 100, 65 and 35% (means ± S.E., n=7-8). CO 
= control fish; AE = air exposed fish. Significant differences between groups are indicated 
with letters (P<0.05). Groups sharing the same letter are not significantly different.
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Changes in plasma glucose were less pronounced but more sustained in 22°C-65% 
AE-fish, whereas plasma glucose in 22°C-35% AE-fish did not change significantly. 
Statistical analyses revealed a significant ration effect (P<0.05) at t=0.45 h, and 
significant temperature and ration effects at t=3.5 h (P<0.01). At t=7 h, also 
temperature (P<0.01) and ration (P<0.05) effects were found. Altogether, this 
indicates a reduced energy mobilization in AE-fish at high temperature and low 
ration. Further, regression analyses revealed a significant positive correlation 
between body weight and plasma glucose of AE-fish only at t=3.5 h (r2=0.15, n=44, 
P<0.05). Body weight did not correlate with any of the other parameters at any other 
time point (r2<0.05, n=42-48, P>0.1).
Mean plasma lactate levels before stress (PS) were generally below 1 mmol/l 
and not significantly different between temperatures or rations (P>0.4). Plasma 
lactate levels in CO fish did not change significantly over time at any temperature- 
ration combination (Fig. 4.3). After air exposure, a significant increase in plasma 
lactate was found at t=0.45 h in AE-fish fed 100% and 65% rations at both 
temperatures (P<0.02), which had disappeared at t=3.5 h in all groups, except in 
16°C-65% AE-fish. In contrast with the other temperature/ration combinations, the 
increase in plasma lactate was generally absent in fish fed 35% rations (P<0.05). 
Consequently, statistical analyses for interactions between water temperatures and 
feeding rations revealed a significant ration effect in plasma lactate of AE-fish at 
t=0.45 (P<0.001).
Mean plasma osmolality before stress (PS) varied between 310-320 
Osmol/kg and was not significantly different between temperatures or rations 
(P>0.3). Significant changes in plasma osmolality levels only occurred in AE-fish at 
16 °C (Fig. 4.4), where significant increases were found at t=0.45 h (P<0.01) at all 
rations. In 16°C-100% AE-fish osmolality levels were still slightly increased at 
t=3.5 h, but at the two lower rations at 16 °C this effect was already diminished at 
t=3.5 h. Statistical analyses revealed a temperature effect on plasma osmolality levels 
in AE-fish at t=0.45 (P<0.0001) and t=3.5 h (P<0.001), reflecting the overall 
differences in response at the two temperatures.
Mean plasma sodium levels before stress (PS) were not significantly 
different between groups (P>0.09). At 16 °C, plasma Na+ levels showed a similar 
trend at all rations, with no significant changes in CO-fish, and an initial increase in 
AE-fish at t=0.45 h, being significantly different from most other time points at each 
ration (P<0.05). At 22 °C, no significant differences were observed between control 
and stressed groups in fish fed the 100% ration.
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Fig 4.2. Plasma glucose concentrations (mmol/l) before stress (PS) and after stress-treatment 
in turbot reared at 16 and 22 °C and fed rations of 100, 65 and 35% (means ± S.E., n=7-8). 
CO = control fish; AE = air exposed fish. Significant differences between groups are 
indicated with letters (P<0.05). Groups sharing the same letter are not significantly different. 
n.s. = not significant.
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Fig 4.3. Plasma lactate concentrations (mmol/l) before stress (PS) and after stress-treatment 
in turbot reared at 16 and 22 °C and fed rations of 100, 65 and 35% (means ± S.E., n=7-8). 
CO = control fish; AE = air exposed fish. Significant differences between groups are 
indicated with letters (P<0.05). Groups sharing the same letter are not significantly different. 
n.s. = not significant.
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Fig 4.4. Plasma osmolality (Osmol/kg) before stress (PS) and after stress-treatment in turbot 
reared at 16 and 22 °C and fed rations of 100, 65 and 35% (means ± S.E., n=7-8). CO = 
control fish; AE = air exposed fish. Significant differences between groups are indicated with 
letters (P<0.05). Groups sharing the same letter are not significantly different. n.s. = not 
significant.
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The temporal pattem in Na+ of fish fed the 65% and 35% rations at 22 °C was more 
fluctuating than in the others groups (Tables 4.1-4.3). Due to these minor 
fluctuations, statistical analyses for interactions between water temperatures and 
feeding rations revealed various temperature, ration and interaction effects in CO­
fish at t=0.45-24 h (P<0.05). In AE-fish, a significant temperature effect was found 
at t=0.45 h (P<0.0001), and significant temperature (P<0.01) and interaction 
(P<0.05) effects at t=24 h and t=96 h.
Table 4.1. Plasma ions (mmol/l) before stress (Pre-Stress) and at various time-points (in 
hours) after stress-treatment in turbot reared at 16 and 22 °C and fed rations of 100%. Values 
(mean ± S.E) in columns, n=7-8. CO = control fish, AE = air exposed fish. Values in the 
same column without letters or with the same added letter are not significantly different (P>0.05).
100% Na+ Cl" K+
Time Stressor 16 °C 22 °C 16 °C 22 °C 16 °C 22 °C
—  —
Pre Stress 162.7 ± 1.6b 160.8 ± 1.7 137.1 ± 1.5 139.3 ± 1.4 4.6 ± 0.4 4.8 ± 0.3
0.45 CO 162.0 ± 1.6b 162.3 ± 0.8 142.0 ± 1.2 141.9 ± 1.4 5.3 ± 0.5 5.0 ± 0.3
AE 170.1 ± 1.7a 159.9 ± 1.6 137.6 ± 1.3 143.1 ± 1.4 5.2 ± 0.4 5.4 ± 0.7
3.5 CO 160.7 ± 0.9b 164.1 ± 1.0 140.8 ± 1.6 143.3 ± 1.1 4.6 ± 0.4 4.7 ± 0.3
AE 163.8 ± 1.6b 162.3 ± 0.6 141.3 ± 1.8 138.1 ± 0.6 4.3 ± 0.4 4.9 ± 0.4
7 CO 156.8 ± 1.4b 164.7 ± 1.5 140.0 ± 1.3 139.4 ± 2.0 5.6 ± 0.6 5.8 ± 0.6
AE 159.7 ± 1.7b 163.6 ± 1.0 140.5 ± 0.5 138.2 ± 1.5 4.1 ± 0.3 5.1 ± 0.4
24 CO 161.1 ± 0.6b 165.1 ± 0.8 140.9 ± 1.1 139.3 ± 0.6 4.8 ± 0.4 4.9 ± 0.2
AE 158.2 ± 2.3b 169.0 ± 2.0 140.6 ± 1.5 141.8 ± 1.7 4.6 ± 0.5 4.7 ± 0.4
96 CO 162.6 ± 1.9b 169.0 ± 0.9 141.6 ± 1.2 140.6 ± 0.5 4.3 ± 0.3 4.9 ± 0.2
AE 164.0±1 1ab 165.0 ± 0.8 144.4 ± 0.7 141.1 ± 1.1 4.2 ± 0.3 4.7 ± 0.3
Mean plasma chloride levels before stress (PS) were not significantly 
different between groups (P>0.5). Plasma Cl" levels did not change significantly over 
time in CO- and AE-fish fed the 100% and 65% rations at both temperatures (Table 
4.1-4.3). Plasma Cl- levels were slightly more variable at the 35% rations at both 
temperatures, which resulted in minor significant differences at t=24 h compared to 
pre-stress levels (P<0.05). Statistical analyses for interactions between water 
temperatures and feeding rations in control fish revealed a significant ration effect on
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plasma Cl- in CO-fish at t=24 h (P<0.01). In AE-fish, an interaction effect was found 
at t=0.45 h (P<0.05).
Mean plasma potassium levels showed only minor variations in pre-stress, 
CO and AE fish throughout the experimental period, and were hardly affected by air 
exposure (Table 4.1-4.3). A small significant difference was only found between 
16°C-35% CO-fish and K+ levels before stress (P<0.05).
Table 4.2. Plasma ions (mmol/l) before stress (Pre-Stress) and at various time-points (in 
hours) after stress-treatment in turbot reared at 16 and 22 °C and fed rations of 65%. Values 
(mean ± S.E) in columns, n=7-8. CO = control fish, AE = air exposed fish. Values in the 
same column without letters or with the same added letter are not significantly different (P>0.05).
Time
—
65%
Stressor
—
16 °C
Na+
22 °C
Cl
16 °C 22 °C 16 °C
K+
22 °C
Pre-Stress 163.4±1.2ab 162.9±1.0abc 140.1 ± 1.1 140.1 ± 1.1 4.5 ± 0.1 4.5 ± 0.2
0.45 CO 162.3±1.2ab 157.0 ± 1.2d 142.1 ± 0.8 140.6 ± 1.2 4.8 ± 0.4 5.2 ± 0.3
AE 167.8 ± 0.4a 159.7 ± 0.7cd 139.4 ± 1.1 139.8 ± 0.4 4.4 ± 0.4 4.2 ± 0.2
3.5 CO 160.6 ± 1.4b 162.6±1.1abc 143.3 ± 1.0 141.1 ± 0.6 5.1 ± 0.4 4.8 ± 0.2
AE 162.8±1.1ab 163.5±0.9abc 142.0 ± 0.9 139.6 ± 0.7 5.0 ± 0.4 4.7 ± 0.3
7 CO 161.1 ± 1.7b 164.0±1.0abc 142.0 ± 0.9 142.5 ± 0.4 4.3 ± 0.3 4.4 ± 0.2
AE 161.5 ± 1.5b 162.0±1.9abc 140.1 ± 1.9 142.4 ± 1.1 5.4 ± 0.5 4.5 ± 0.3
24 CO 157.4 ± 0.8b 167.1 ± 0.8ab 142.5 ± 0.5 143.7 ± 1.5 3.8 ± 0.2 4.2 ± 0.2
AE 160.3 ± 0.7b 163.5±0.3abc 143.4 ± 0.9 142.4 ± 0.6 4.2 ± 0.2 4.1 ± 0.1
96 CO 159.9 ± 0.5b 167.0 ± 0.4ab 142.5 ± 1.0 141.4 ± 1.0 4.0 ± 0.3 4.4 ± 0.2
AE 160.0±1.2ab 167.8 ± 0.6a 142.1 ± 0.9 142.0 ± 1.4 3.9 ± 0.1 4.5 ± 0.3
4.2. Histology
Gill samples were examined with light microscopy for possible histological 
deformation, such as epithelial lifting, necrosis, lamellar fusion, hypertrophy, 
hyperplasia, epithelial rupture, mucus secretion, mucus cell proliferation, early 
damage of chloride cells, and chloride cell proliferation (Mallat, 1985). However, no 
abnormalities were found on the light microscope level filaments as well as 
secondary lamellae appeared to be similar in stressed and control fish in all groups.
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With transmission electron microscopy, gill tissues of fish before stress 
looked normal at the cellular level (Fig. 4.5a). Only a few apoptotic pavement and 
chloride cells were observed, of which the frequency appeared to be slightly higher 
at 22 °C than at 16 °C. The pavement cells of fish fed 35% rations at both 16 and 
22 °C appeared to contain more secretory granules than fish fed 100% rations, but no 
other differences were observed between the groups. At 24h post-stress, all fish 
reared at 16 °C showed very little effects of air exposure. A slight increase of 
secretory granules occurred in the pavement cells, compared with fish from the same 
groups at t=0. At 24h post-treatment in 22°C-100% fish, the pavement cells 
contained substantially more secretory granula than before treatment (Fig. 4.5b). The 
frequency of apoptosis appeared to be higher in 22°C-100% fish, but only few other 
changes were found, such as an increase in intercellular spaces, which occasionally 
contained macrophages.
Table 4.3. Plasma ions (mmol/l) before stress (Pre-Stress) and at various time-points (in 
hours) after stress-treatment in turbot reared at 16 and 22 °C and fed rations of 35% (C). 
Values (mean ± S.E) in columns, n=7-8. CO = control fish, AE = air exposed fish. Values in 
the same column without letters or with the same added letter are not significantly different 
(P>0.05).
Time
i
35%
Stressor
i
16 °C
Na+
22 °C 16 °C
Cl-
22 °C
K+
16 °C 22 °C
Pre-Stress 160.3 ± 0.9b 158.2±0.4bcd 139.1 ± 1.2b 139.6 ± 0.9b 3.7 ± 0.2b 4.7 ± 0.3
0.45 CO 160.2±1.4bc 154.9 ± 1.7d 141.7±1.3ab 144.0±1.2ab 5.1 ± 0.2ab 4.4 ± 0.3
AE 167.7 ± 1.7a 163.8±1.4abc 142.4±1.2ab 141.4±1.3ab 4.3 ± 0.3ab 4.2 ± 0.3
3.5 CO 160.2±1.3bc 162.3±2.0abc 142.8±1.9ab 143.3±0.8ab 4.2 ± 0.2ab 4.7 ± 0.5
AE 162.8±1.5ab 159.8±0.9bcd 141.7±1.5ab 141.3±0.9ab 5.4 ± 0.2a 4.2 ± 0.3
7 CO 158.1±0.8bc 163.0±1.0abc 143.6±0.9ab 142.1±1.1ab 4.9 ± 0.4ab 4.8 ± 0.3
AE 162.5±0.8ab 161.3±0.8bcd 143.1±2.3ab 141.0±0.7ab 5.0 ± 0.7ab 4.3 ± 0.2
24 CO 159.6±0.5bc 165.5 ± 1.2ab 147.6 ± 1.6a 144.4±1.2ab 4.7 ± 0.2ab 4.4 ± 0.2
AE 156.5 ± 0.9c 165.4 ± 1.3ab 142.4±0.9ab 144.6 ± 1.2a 4.0 ± 0.2ab 4.3 ± 0.1
96 CO 160.5±1.0bc 168.3 ± 0.9a 144.6±1.0ab 142.6±0.7ab 4.6 ± 0.3ab 4.5 ± 0.2
AE 160.1±1.5bc 164.8 ± 1.2ab 142.7±0.8ab 140.0±1.0ab 4.1 ± 0.1ab 4.4 ± 0.1
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However, stress effects were found at t=24 h after air-exposure in 22°C-35% fish. 
Pavement cells with many secretory granules, increased rate of apoptosis, enlarged 
intercellular spaces with macrophages containing many lysosomes (Fig. 4.5c,d), and 
the common occurrence of granulocytes are clear indications that the fish in this 
group suffered more from the air exposure than those in other groups. The gill 
lamellae, showing the typical structure of teleosts in general in the controls 
(Fig.4.5e), showed no differences after treatment, except for the 22°C-35% fish, 
where more leukocytes were found in the blood space, and where the pillar cells 
seemed to be damaged at some places (Fig. 4.5f).
5. Discussion
In the present study we have demonstrated that both temperature and feeding regime 
affect the stress response of juvenile turbot to air exposure. This stressor appears to 
have a differential effect on different stress parameters, with plasma cortisol, glucose 
and lactate being more affected than ionoregulatory parameters and gill histology.
Plasma cortisol levels increased transiently in air exposed fish within 45 
minutes at all temperature/ration combinations, with levels generally back to resting 
values within 3.5 hours. In general, plasma cortisol levels in teleost fish rise rapidly 
within a few minutes of exposure to an acute stressor, from levels between 2-40 
ng.ml-1 in resting fish to 20-500 ng.ml-1 in stressed fish (Gamperl et al., 1994a). In 
our turbot peak levels varied between 35-75 ng/ml. The relatively low magnitude and 
rapid disappearance of the cortisol peaks indicate that the fish recovered rapidly from 
air exposure, which was also observed by Waring et al. (1996) after 9 minutes air 
exposure of cannulated turbot between 600-700 g. The low magnitude of the cortisol 
response is likely related to the high tolerance of turbot to O2 deficiency through 
mechanisms such as hyperventilation, lack of metabolic depression and blood 
acidosis, cutaneous oxygen uptake, and a high blood oxygen affinity through 
hemoglobin polymorphism (Imsland et al., 1997; Boeuf et al., 1999; Maxime et al.,
2000). Consequently, turbot is much more tolerant to air exposure than many other 
fish species, including salmonids such as rainbow trout (Barton et al., 1987), chinook 
salmon (Oncorhynchus tschawytsha; Barton et al., 1986; Barton & Schreck, 1987), 
and cutthroat salmon (O. clarki; Ackerman et al., 2000), in which air exposures of 20 
minutes would be lethal, and even exposures between 30-45 seconds cause 
pronounced cortisol responses with peak levels between 100-300 ng/ml, and 
recovery times of 6-24 h or more. Moreover, in gilthead sea bream (Sparus auratus),
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Arends et al (1999) measured cortisol peaks between 400-600 ng/ml after 3 minutes 
air exposure, with a 2 h recovery period of only 2 h. Further, the cortisol results in 
our control fish show that turbot is relatively insensitive to handling stress from 
sampling disturbance, which is in agreement with the net-confinement studies 
described in Chapter 2.
The magnitude of the initial cortisol response in stressed fish was lower at 
22 °C than at 16 °C, and significantly lower in 22°C-65% and 22°C-35% fish. The 
temperature effect in the cortisol response in air exposed turbot is, however, opposite 
and less pronounced than in net-confined turbot at 10 and 19 °C (Chapter 2). From 
that study it appeared that the high rearing temperature of 19 °C enhanced the rate of 
increase in plasma cortisol levels after net confinement. The less pronounced 
temperature effects in the present study are most likely due to the smaller difference 
in water temperatures used in this study (6 versus 9 °C difference). The difference in 
applied stressors (net confinement vs. air exposure) between the two studies may also 
play a role. Studies on other fish species have demonstrated variable effects of 
temperature on plasma cortisol resting levels, magnitudes and rates of increase and 
recovery of elevations after physical disturbance (e.g Strange, 1980; Pankhurst et al., 
1992; Whiteley & Egginton, 1999). Temperature-related differences in cortisol levels 
are generally attributed to increases in rates of release and/or clearance at higher 
temperatures, as a result of higher metabolic rates (e.g. Sumpter et al., 1985; 
Pottinger et al., 1999).
Fig 4.5. Gill filaments (a-d) and lamellae (e,f) of juvenile turbot reared at 22 °C. a) 22°C- 
35%, pre-stress control. cc = chloride cell; pc = pavement cell, showing a few transparent 
secretory granules (sg). b) 22°C-100%, 24 h post-treatment. cc = chloride cell; pc = pavement 
cell, showing many transparent secretory granules (sg); m = macrophages. c) 22°C-35%, 24 h 
post-treatment. In this area the epithelium has lost his regular structure and shows a chloride 
cell (cc) surrounded by increased intercellular spaces (s), in which macrophages (m) are 
present. d) 22°C-35%, 24 h post-treatment. cc = apoptotic chloride cell; pc = pavement cell 
with many transparent secretory granules (sg); large intercellular spaces (s, white areas in the 
tissue) are present. e) 22°C-35%, pre-stress control. pc = pavement cell covering the lamella; 
p = pillar cell; bc = red blood cell in the vascular space of the lamella. f) 22°C-35%, 24 h 
post-treatment. lc = leukocyte, in this area the pillar cells seem to be damaged, but widened 
intercellular spaces (Chapter 2, Fig. 2.3f) were not observed. In all pictures scale bar = 1 ^m.
72
73
The reduction in feeding ration had no clear effect on the cortisol response in 
air-exposed fish, and although ration effects where observed in some post-stress time 
points until t=24 h, a clear trend was not observed. Food deprivation has been 
reported to cause lower resting plasma cortisol levels in coho salmon (Thomas et al., 
1986), whereas in chinook salmon no fasting effects were found on plasma cortisol 
before and after stress (Barton et al., 1988). In feed deprived rainbow trout Vijayan 
& Moon (1992) found a higher plasma cortisol response after acute handling stress 
compared to fed fish, which they contributed to higher secretion rates. In contrast, 
starving of sea raven (Hemitripterus americanus) led to a marked reduction in 
plasma cortisol after handling stress, which was explained by a faster plasma 
clearance rate (Vijayan & Moon, 1994). We conclude from our results that a 
reduction of feeding ration to 35% did not induce such effects in juvenile turbot.
In fish at all rations at 16 °C and in fish fed the 100% ration at 22 °C, a 
transient increase in plasma glucose was found after 45 minutes, which had basically 
disappeared after 3.5 hours. In fish fed 65 and 35% rations at 22 °C, these changes 
were less pronounced or even absent. Many fish species show a rapid initial 
hyperglycemic response after acute stress, due to hepatic glycogenolysis and/or 
gluconeogenesis as discussed in Chapters 1 and 2. The trend of glucose elevations 
within the first hour in the present study most likely reflects catecholamine-induced 
glycogenolysis. However, the low magnitude of the glucose elevations suggests that 
catecholamines (CAs) were not released in large amounts, whereas the rapid 
recovery to baseline levels indicates that gluconeogenesis occurred only to a minor 
extent. The magnitude of the glucose response in turbot in our study is lower than 
that of many other species following air exposure. In salmonid species, basal levels 
are usually around 3 mmol/l, and increase up to 6 mmol/l or higher after air 
exposures between 30-45 seconds (Barton et al., 1986; Barton & Schreck, 1987; 
Barton et al., 1987; Ackerman et al., 2000). In gilthead sea bream, plasma glucose 
levels rose from around 2 to 6 mmol/l after 3 minutes air exposure (Arends et al., 
1999). In all these species, recovery times are between 6-24 h, and altogether this 
indicates a higher activation of both glycogenolysis and gluconeogenesis under these 
conditions, compared to turbot.
Plasma lactate levels showed a similar but more pronounced trend than 
plasma glucose. Muscle and plasma lactate levels increase mainly from increased 
anaerobic glycogenolysis, but in fish much of the produced lactate is retained within 
the white muscle tissue, where it is directly converted into glycogen (Milligan & 
Girard, 1993; Sadler et al., 2000). The magnitude and rapid recovery of the lactate 
responses in our study is in agreement with findings on Pleuronectidae and other
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relatively inactive benthic species after enforced exercise (Pagnotta & Milligan, 
1991; Girard & Milligan, 1992). In rainbow trout, white muscle lactate retention and 
recovery after exercise have been suggested to be under control of circulating CAs 
(Milligan, 1996; Milligan et al., 2000), but this could not be demonstrated in 
freshwater carp (Cyprinus carpio; Knudsen & Jensen, 1998) and the marine flatfish 
starry flounder (Platychtus stellatus; Wood & Milligan, 1987). The latter authors 
concluded that CAs have relatively little involvement in regulation of oxygen 
transport and recovery metabolism in starry flounder. This was also concluded in 
Chapter 2 for juvenile turbot after net confinement. The present study shows that 
juvenile turbot respond in the same way with respect to their lactate metabolism 
during and after air exposure.
Fish fed the same rations showed a similar response in plasma glucose and 
lactate after air exposure at 16 and 22 °C, and we conclude that the water temperature 
was not a major regulatory factor for glucose and lactate metabolism in this expe­
riment. In contrast, the feeding ration had a marked effect on the response in glucose 
and lactate after air exposure. Although glucose and lactate responses in fish have 
been suggested to vary partly with body size (Dalla Via et al., 1994b; Kieffer, 2000), 
this appeared not to be a major modifying factor in the responses of our air exposed 
fish. Glucose peaks at t=0.45 h declined in accordance with the reduction in rations, 
resulting in minor (16 °C) or no differences (22 °C) at the 35% ration. A similar but 
even more pronounced trend was found in plasma lactate. The lower glucose and 
lactate responses in stressed turbot at low feeding rations are in accordance with the 
significantly lower body energy stores in these fish, as discussed in Chapter 3. It 
seems that stressed turbot fed on lower rations were unable to mobilize the same 
amount of energy substrates as their counterparts fed to satiation. The reduction in 
whole body energy contents, and thus the apparent availability of plasma energy 
substrates, appeared to be significantly correlated with a reduction in whole body 
lipids (Chapter 3, r2=0.90, n=48, P<0.0001), but to a much lesser extent with whole 
body proteins (Chapter 3, r2=0.18, n=48, P<0.01) and not with body glycogen 
(Chapter 3, r2=0.05, n=48, P>0.1). According to Sheridan and Mommsen (1991), fish 
have adopted a variety of strategies for coping with periods of food deprivation, and 
certain species do conserve glycogen at the expense of lipid and protein mobilization. 
Vijayan and Moon (1994) mentioned that this might be of particular importance in 
fasted benthic species with an inactive life-style and low metabolic activity, as an 
adaptation to prevent excessive energy mobilization during stress. Our results 
suggest that mobilization of energy sources other than glycogen might also have 
occurred in stressed turbot fed reduced rations, especially in those fed at 35%.
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In the present study we found only minimal ionoregulatory disturbances in 
air exposed turbot, with only slight increases in plasma osmolality and Na+ at all 
rations at 16 °C. Plasma osmolality at 22 °C, and plasma Cl- and K+ in general did 
not show signs of disturbance. A minimal osmoregulatory disturbance after air 
exposure was also found by Waring et al (1996) in air exposed turbot, and in net- 
confined turbot at 10 and 19 °C (Chapter 2). In contrast, Arends et al. (1999) found 
more pronounced disturbances in plasma osmolality, Na+ and Cl- in sea bream after 3 
minutes air exposure, which took 2-4 h for recovery. Similarly, Mieog (2000) found 
high plasma osmolality, Na+ and Cl- levels in European sea bass (Dicentrarchus 
labrax) after 5 minutes air exposure, which all took 4-7 h for recovery. In line with 
the conclusions in Chapter 2 we conclude that the minor osmoregulatory 
disturbances in the present study are primarily caused by short-term 
hemoconcentration, due to loss of plasma water that moves out of the circulation and 
into the tissues, and are indicative of a relatively low release of CAs in stressed 
turbot (Wendelaar Bonga, 1997). The absence of changes in plasma osmolality and 
Na+ at 22 °C compared to 16 °C probably reflects a faster restoration of the 
hydromineral balance at the higher temperature, due to higher turnover rates of ion 
transport mechanisms in gills, kidneys, and white muscle tissue (Davis & Parker, 
1990; Wilkie et al., 1997). The reduction in feeding ration did not seem to affect the 
ionoregulatory disturbances in air exposed fish, and although ration effects were 
occasionally observed in some post-stress time points of the control fish, no clear 
trend was observed. An absence in rise of plasma K+ levels was also found by Arends 
et al. (1999) and Mieog (2000) for air exposed sea bream and sea bass, respectively, 
and this indicates only a mild metabolic acidosis. As discussed in Chapter 2, a low 
degree of intracellular blood acidosis corresponds with low levels of circulating CAs, 
as indicated by the moderate responses in glucose, lactate, and other ions.
At the level of histology also relatively minor differences were observed in 
gill epithelia between the different combinations of temperatures and feeding rations. 
Skin and gill epithelia form the primary barrier between the internal tissues and the 
external environment, and are therefore the first to be affected by environmental 
alterations. Previous studies from our laboratories have shown that some ultra- 
structural changes are specific for certain stressors, but many others are non-specific 
changes that occur after exposure to many different stressors (Wendelaar Bonga, 
1997). The relative absence of such changes in gills of air exposed fish in this study 
is in line with results on gills of turbot exposed to net confinement at 10 and 19 °C 
(Chapter 2).
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Overall, it seems that the response of turbot to air exposure in this study was 
mainly due to activation of the brain-pituitary-interrenal (BPI) axis, as indicated by 
the mild increase in plasma cortisol. The minor elevations in plasma glucose, lactate, 
osmolality and ions are all indicative of only a mild activation of the brain- 
sympathetic-chromaffin cell (BSC) axis, and hence little release of CAs. This is 
further confirmed by the low frequency of branchial damage in most groups. Such a 
suppression of the BSC-axis might be related to the inactive and sedentary life-style 
of turbot in coastal habitats where they may frequently experience low environmental 
oxygen conditions (Maxime at al., 2000). Apparently, turbot are able to withstand 
such periods through their compensatory mechanisms for maintaining blood oxygen 
levels. As a result, they prevent the occurrence of blood hypoxemia, which is the 
ultimate stimulus for release of CAs (e.g. Perry & Bernier, 1999), and thus a frequent 
activation of the BSC-axis under low oxygen conditions.
In summary, the present results demonstrate distinctive effects of 
temperature and ration on the immediate stress response of juvenile turbot after air 
exposure. Temperature was the overall dominating factor and most pronounced in the 
release of cortisol and regulation of the hydromineral balance, whereas ration effects 
were observed in those parameters that are related to the whole body energy content,
i.e. glucose and lactate. Long-term histopathological changes in gills were generally 
scarce, but relatively more common in fish reared at 22 °C and 35% than in the other 
groups. The response of turbot to air exposure was mainly due to activation of the 
BPI-axis, whereas the BSC-axis was probably only mildly activated. However, the 
apparent differences in energy metabolism, as a result of prolonged exposure to 
different combinations of temperature and energy intake, had relatively little 
influence on the capacity of the fish to cope with air exposure. The absence of 
mortalities and severe gill abnormalities, and the low magnitude and rapid decrease 
of the stress responses, indicate a high resistance to a stressor which in itself was of a 
duration long enough to kill many other fish species. It can be concluded, therefore, 
that turbot is much more tolerant to air exposure than many other fish species.
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CHAPTER 5
The stress response of juvenile turbot after exercise at 
different temperatures and salinities
E.H. van Ham, R.D. van Anholt, G. Kruitwagen, A.K. Imsland,
A. Foss, B.O. Sveinsbo, R. FitzGerald, S.O. Stefansson & S.E. Wendelaar Bonga

1. Abstract
We investigated the interaction of water temperature (10, 18, and 22 °C) and salinity 
(33.5 and 15%o) on the stress response of juvenile turbot. At each temperature/salinity 
combination, fish were subjected to 10 minutes enforced exercise. This induced a 
moderate stress response that differed at the various temperature and salinity 
combinations. High temperatures enhanced rates of increase in plasma cortisol and 
glucose, rates of increase and heights of plasma lactate levels, and recovery of 
plasma Na+ and Cl-. Responses in plasma lactate levels were also influenced by body 
weight. Low salinity ameliorated cortisol responses after exercise at low but not at 
high temperatures, whereas the magnitude of ionic disturbance was reduced at 15%o. 
Plasma K+ did not change at any temperature or salinity. The stress response 
involved activation of the brain-pituitary-interrenal axis, as indicated by the cortisol 
elevations. The low magnitude of glucose responses, the mild Na+ and Cl- 
disturbances, and the lacking K+-responses indicate mild activation of the brain- 
sympathetic-chromaffin cell axis and release of catecholamines, which seemed 
though to occur to a higher extent at higher temperatures. The relatively low 
catecholaminergic response of turbot may be linked to their inactive, sedentary 
lifestyle. The higher responsiveness at higher water temperatures may reflect a higher 
overall adaptive capacity.
2. Introduction
A large part of research on stress in fish has been performed on salmonids, tilapia 
species and carp, and other teleosts are often assumed to respond in a similar way to 
stressors. However, the validity of this assumption can be challenged, since even 
closely related species may show differences in their responses (Chapter 1). Until 
now, only a few studies have described stressor-effects in turbot, which were 
performed under various conditions in a temperature range of 10-20 °C (Chapters 1 
and 2). The water temperature is an important modifying factor of the stress response 
in fish, but reported temperature effects are not consistent. At higher water 
temperatures both higher and lower resting levels of stress parameters have been 
reported, as well as higher rates of increase and recovery, and/or higher response 
magnitudes. Apart from the differences in water temperature applied in the various 
studies on this subject, differences in species and applied stressors may also account 
for some of the reported differences in the effects of temperature (Chapter 2).
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None of the previously described studies on stress in turbot has examined the 
possible influence of water salinity on the stress response of this species. In several 
fish species hydromineral disturbance during stress conditions may be reduced when 
the external salinity is nearly iso-osmotic with the blood plasma of the fish (e.g. 
Redding & Schreck, 1983; Reubush & Heath, 1997). This has been attributed to a 
lower energetic cost of ion regulation in iso-osmotic environments, where the ionic 
gradients between blood and water are usually minimal (Morgan et al., 1997). It has 
been hypothesized that this energy saving may be substantial enough to increase 
growth (Morgan & Iwama, 1991; Likongwe et al., 1996; Imsland et al., 2001). Lower 
water salinity does indeed ameliorate growth performance of turbot. Gaumet et al.
(1995) found the best growth performance of juvenile turbot at 16.4 °C and 19%o. 
Recently, Imsland et al. (2001) demonstrated that the optimal growth temperature for 
turbot varies with water salinity. In that study, growth, feed consumption and feed 
conversion efficiency were higher at 15%o than at full salinity, and an interactive 
temperature-salinity effect was found at temperatures between 18-22 °C. It was 
concluded that growth and feed conversion of turbot juveniles can be improved by 
rearing fish at intermediate salinities in the upper temperature range.
In this chapter we present a follow-up study of the growth experiments 
described by Imsland et al. (2001). The objectives were to investigate i) whether 
different combinations of water temperature and salinity would influence the stress 
response of the fish, and ii) if different stress parameters are influenced differentially 
by different combinations of water temperature and salinity. For this purpose, we used 
enforced exercise to evaluate the stress response in juvenile turbot, which is a common 
handling stressor that, to our knowledge, has not been studied in this species before. 
We characterized the rate, magnitude and recovery of the adaptive stress response of 
the fish in terms of survival, changes in behavior, and by measuring several well- 
established primary and secondary stress parameters (cortisol, glucose, lactate and 
ions) in blood plasma.
3. Materials & Methods
3.1. Animals
Juvenile 0-group turbot, which were the offspring of wild-caught parents of 
Norwegian origin, were obtained from Stolt Seafarm in Kvinesdal, Norway. The 
animals had an initial body mass around 10g and were kept in 1-m2 square, gray, 
covered fiberglass tanks (400 l water volume, oxygen saturation > 80%, 62-63 fish
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per tank) at the High Technology Center in Bergen, Norway, with flow-through 
seawater and a light regime of 18 h light-6 h darkness (L:D = 18:6). Prior to the 
stress experiments described here, the fish were used in a 3-month growth study. The 
fish were reared at temperatures of 10 ± 0.2 °C, 18 ± 0.3 °C, and 22 ± 0.2 °C (means 
± SD), and salinities of 15 ± 0.4%o and 33.5 ± 0.1%o at each temperature. All 
treatment groups consisted of two replicate tanks. In this period, water flow was 
initially set to 4 l min-1 for all experimental tanks and increased gradually up to 10 l 
min-1 at the end of the experiment. Throughout the growth period the fish were left 
undisturbed apart from daily routine husbandry and monthly weightings to monitor 
the growth. During the growth period the fish were fed ad libitum with a commercial 
formulated feed (Supra Marin, NorAqua A/S, Bergen, Norway) containing 55% 
protein, 12% fat and 15% carbohydrate. For more details, see Imsland et al. (2001).
3.2. Experimental setup
After the last growth measurements the fish were left undisturbed for another 10 days 
under the same rearing conditions and feeding regime. By that time the fish had 
reached the following mean weights (± SD): i) 10°C-33.5%o: 33.9 ± 7.9 g, ii) 10°C- 
15%o: 36.6 ± 7.4 g, iii) 18°C-33.5%<>: 111.9 ± 60.6 g, iv) 18°C-15%<>: 141.1 ± 58.0 g, 
v) 22°C-33.5%o: 189.9 ± 24.7 g, and vi) 18°C-15%0: 107.3 ± 21.2 g.
Prior to the start of the stress experiment, pre-stress (PS) samples were taken 
from 8 fish at each temperature/salinity combination. At the start of the experiment, 
fish in one of each replicate tank were forced to swim actively in their tank for 10 
minutes by chasing them manually with a dipnet. At the end of this period, most fish 
had lost equilibrium and did not longer respond to the manual chasing. The fish from 
the other replicate tank of each temperature/salinity combination were used as non­
stressed controls. Samples were taken from both control (CO) and chased (EX) fish 
at 4 post-stress time-points: t=0.5, 2, 5, and 24 h (n=6-8), in order to measure plasma 
cortisol, glucose, lactate, osmolality, Cl- ions, and at 10 and 22 °C also Na+ and K+ 
ions. Survival of the remaining fish was monitored until 4 days post-stress. The 
animals were not fed 24 hours prior to and during the stress experiments.
3.3. Sampling methods and analytical techniques
Sampling methods and analytical techniques for plasma cortisol, glucose, lactate, 
osmolality, and ions were similar as described in Chapter 2, paragraph 2.3.
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3.4. Statistical analyses
Statistical analyses were performed with Statistica 5.5 for Windows (StatSoft Inc., 
2000). The assumption of homogeneity of variances was tested for all data, which 
were log-transformed if necessary. Data were initially subjected to regression 
analyses according to Packard & Boardman (1999) for determination of possible 
body size effects. Subsequently, data were subjected to two-way ANOVA or, when 
significant and moderate-to-high correlations were found, two-way ANCOVA with 
body weight as a covariate to remove body size effects (Packard & Boardman,
1999). Two-way ANOVAs and ANCOVAs were used a) to test for temporal 
differences between control and stressed fish for each parameter at each 
temperature/salinity combination, and b) to test for the interaction between 
temperature and salinity separately on control and stressed fish for each parameter at 
each time point. All ANOVAs and ANCOVAs that showed significant differences 
were followed by a Tukey HSD post-hoc test. Significance was accepted when 
P<0.05 (Zar, 1984).
4. Results
Mean plasma cortisol values before stress (PS) ranged from 7-16 ng/ml and were not 
significantly different between groups (P>0.3, Fig. 5.1). Levels in CO-fish did not 
change significantly over time at any temperature/salinity combination. At 10°C- 
33.5%o, plasma cortisol increased transiently in EX fish between 2 and 5 h, whereas 
no significant changes were observed at 10°C-15%o. At 18 and 22 °C, the same trend 
was found in plasma cortisol levels of EX fish at both salinities, with increased levels 
at t=0.5 h and a decline between t=2-5 h. At 18°C-33.5%o, however, changes were 
not significant. Statistical analyses of the interaction between temperature and 
salinity in EX-fish revealed significant temperature (P<0.0001) and salinity (P<0.05) 
effects at t=0.5 h, an interaction effect at t=2 h (P<0.001), and temperature 
(P<0.0001) and interaction (P<0.05) effects at t=24 h, reflecting the overall 
differences in cortisol response at 10 °C compared to 18 and 22 °C.
Mean plasma glucose levels before stress (PS) ranged between 2.1-2.5 
mmol/l and were not significantly different between groups (P>0.5, Fig. 5.2). Levels 
in CO fish did not change significantly over time at any temperature/salinity 
combination. In EX-fish, plasma glucose increased significantly at 10°C-33.5%o, 
whereas at 10°C-15%o no significant changes occurred. At 18 °C, plasma glucose 
increased transiently at both salinities.
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Fig 5.1. Plasma cortisol concentrations (ng/ml) before stress (PS) and after stress-treatment in 
turbot reared at 10, 18, and 22 °C, and 34 and 15%o. Means ± SEM, n=6-8. CO = control; EX  
= stressed fish. Significant differences between groups are indicated with letters (P<0.05). 
Groups sharing the same letter are not significantly different.
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Fig 5.2. Plasma glucose concentrations (mmol/l) before stress (PS) and after stress-treatment 
in turbot reared at 10, 18, and 22 °C, and 34 and 15%. Means ± SEM, n=6-8. CO = control; 
EX = stressed fish. Significant differences between groups are indicated with letters 
(P<0.05). Groups sharing the same letter are not significantly different.
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Fig 5.3. Plasma lactate concentrations (mmol/l) before stress (PS) and after stress-treatment 
in turbot reared at 10, 18, and 22 °C, and 34 and 15%. Means ± SEM, n=6-8. CO = control; 
EX = stressed fish. Significant differences between groups are indicated with letters 
(P<0.05). Groups sharing the same letter are not significantly different.
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Glucose levels in EX-fish at 22 °C showed similar patterns, with significant increases 
at t=0.5 h, and at 15% also at t=2 h. However, recovery to basal levels was slower at 
15% than at 33.5%. Statistical analyses revealed a significant temperature effect on 
plasma glucose in stressed fish at t=0.5 h (P<0.001).
Mean plasma lactate levels before stress (PS) were between 0.2-0.5 mmol/l 
and not significantly different between groups (P>0.2, Fig. 5.3). Levels in CO fish 
did not change significantly over time at any temperature or salinity. In EX-fish at 
both salinities at 10 °C, levels were significantly higher at t=0.5 and t=2 h. Similar 
but more pronounced elevations were found in EX-fish at both salinities at 18 °C, 
with higher peak levels at 15% than at 34%. At 22 °C, the pattern of changes in 
plasma lactate of EX-fish was similar at both salinities, with significantly higher 
levels at t=0.5 and t=2 h. Statistical analyses revealed a significant temperature effect 
on plasma lactate in EX-fish at t=0.5 h (P<0.01). Further, regression analyses 
revealed a significant positive correlation between body weight and plasma lactate of 
EX-fish at t=0.5 h (r2=0.10, n=48, P<0.05) and t=2 h (r2=0.29, n=45, P<0.01). Body 
weight did not correlate with any of the other parameters at any other time point 
(r2<0.05, n=43-48, P>0.05).
Table 5.1. Plasma ion concentrations (mmol/l) before (Pre-Stress) and at various time-points 
(in hours) after exercise in turbot reared at 10 °C and 34 or 15%. Means ± S.E., n=6-8. CO = 
control fish; EX = stressed fish. Values in the same column without letters or with the same 
letter are not significantly different (P>0.05).
10 °C  
Tim e Stressor 34%
Na+
15% 34%
Cl-
15%
K
34% 15%
Pre-Stress 159.7 ± 1.8b 163.8 ± 0.9a 134.5 ± 0.6c 133.9 ± 1.2bc 4.3 ± 0.1 4.7 ± 0.3
.50. CO 160.2 ± 1.1b 154.9 ± 1.2c 138.9 ± 1.4bc 138.9 ± 1.2ab 4.1 ± 0.3 4.0 ± 0.3
EX 174.7 ± 1.7a 161.7 ± 1.9a 151.8 ± 1.3a 137.1 ± 2.4ab 4.2 ± 0.4 3.7 ± 0.3
2 CO 156.9 ± 1.4b 154.1 ± 1.4c 135.4 ± 1.1c 134.5 ± 0.7ab 4.1 ± 0.3 3.6 ± 0.1
EX 164.9 ± 1.4b 162.1 ± 1.0a 139.0 ± 0.8bc 129.9 ± 1.9c 3.8 ± 0.3 4.1 ± 0.4
5 CO 162.9 ± 1.4b 155.8 ± 0.1bc 138.4 ± 0.5bc 137.9±1.3abc 4.5 ± 0.3 4.2 ± 0.3
EX 160.9 ± 2.4b 160.4 ± 1.2ab 138.6 ± 0.6bc 135.9±0.7abc 3.3 ± 0.2 4.1 ± 0.3
24 CO 158.2 ± 1.4b 158.3±0.8abc 140.6 ± 0.9b 140.0 ± 0.6a 3.7 ± 0.2 3.7 ± 0.1
EX 154.7 ± 1.4b 156.7±0.9abc 143.1 ± 1.5b 137.7 ± 0.5ab 3.4 ± 0.1 3.9 ± 0.2
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Mean plasma osmolality before stress (PS) varied between 310-325 Osmol/kg (Fig. 
5.4), and lower at 18 °C than in the other groups (P<0.05). Levels in CO fish did not 
change significantly over time at any temperature or salinity. In EX fish, plasma 
osmolality showed a similar trend at all temperatures at 34%, with a slight but 
significant increase at t = 0.5 h, which was diminished at t=2 h. The same trend was 
found in EX fish at 10°C+15%, whereas in EX fish at the two higher temperatures 
and 15% levels were still elevated at t=2 h. Statistical analyses in EX-fish revealed 
significant salinity (P<0.05) and interaction (P<0.01) effects at t=0.5 h, and a salinity 
effect at t=5 h (P<0.01).
Table 5.2. Plasma Cl- concentrations (mmol/l) before (Pre-Stress) and at various time-points 
(in hours) after exercise in turbot reared at 18 °C and 34 or 15%. Means ± S.E., n=6-8. CO = 
control fish; EX = stressed fish. Values in the same column without letters or with the same 
letter are not significantly different (P>0.05).
Tim e
i
18 °C
Stressor
i
34%o
Cl-
15%o
Pre-Stress 136.8 ± 1.4b 134.3 ± 1.0ab
0.5 CO 141.6 ± 1.1ab 139.1 ± 0.9a
EX 146.0 ± 2.5a 138.8 ± 0.8a
2 CO 139.8 ± 1.0ab 136.9 ± 1.0ab
EX 139.2 ± 1.3ab 136.4 ± 1.1ab
5 CO 141.5 ± 1.9ab 137.5 ± 1.0ab
EX 139.4 ± 1.0ab 133.0 ± 0.6b
24 CO 141.9 ± 1.7ab 139.3 ± 0.8a
EX 139.7 ± 1.3ab 137.9 ± 1.2ab
Before stressor application, mean plasma chloride levels were between 130-140 
mmol/l, and significantly lower in fish reared at 10°C-15% compared to those at 
22°C-34% (Tables 5.1-3). In some groups, slight fluctuations in plasma Cl" occurred 
over time in CO and EX fish. In EX-fish at 10 and 18 °C and 34%, plasma Cl- was 
significantly higher at t=0.5 h, compared to PS-levels. At the same temperatures, this 
elevation was not seen in EX fish at 15%, nor was it found at any salinity at 22 °C. 
Statistical analyses revealed a temperature effects on plasma Cl- before stress 
(P<0.01). In EX-fish, temperature (P<0.01), salinity (P<0.001), and interaction
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effects (P<0.0001) were found at t=0.5 h, whereas at t=2 h both salinity (P<0.001) 
and interaction (P<0.001) effects were found. At t=5 h temperature (P<0.01), salinity 
(P<0.0001), and interaction effects (P<0.01) were found.
Before stressor application, mean plasma sodium levels were around 160 
mmol/l at 10 and 22 °C and both salinities (Tables 5.1 and 5.3). In some groups, 
small fluctuations in plasma Na+ levels occurred over time in CO and EX fish. 
Plasma Na+ levels at 10 °C were significantly higher at t=0.5 h in EX fish at 34%o, 
compared to pre-stress levels (P<0.05). At the same temperature, this elevation was 
not seen in EX fish at 15%o, nor was it found at any salinity at 22 °C. Satistical 
analyses for the interaction between temperature and salinity on plasma Na+ in EX­
fish at 10 and 22 °C revealed temperature (P<0.05), salinity (P<0.001), and 
interaction effects (P<0.0001) at t=0.5 h, temperature and interaction effects at t=2 h 
(P<0.05), and a temperature effect at t=5 h (P<0.01).
Plasma potassium levels (K+) showed minor fluctuations in some groups, but 
without any clear trend (Tables 5.1 and 5.3).
Table 5.3. Plasma ion concentrations (mmol/l) before (Pre-Stress) and at various time-points 
(in hours) after exercise in turbot reared at 22 °C and 34 or 15%o. Means ± S.E., n=6-8. CO = 
control fish; EX = stressed fish. Values in the same column without letters or with the same 
letter are not significantly different (P>0.05).
22 °C Na+ Cl' K+
Time Stressor 34%o 15%o 34%« 15%o 34% 15%->
Pre- Stress 162.7 ±0.9 158.5 ±1.0ab 138.9 ±0.9 138.3 ±0.8ab 4.5 ±0.2 4.2 ±0.2ab
0.5 CO 157.4 ±0.6 156.3 ±0.7b 137.8 ±0.9 135.6 ±1.0b 4.0 ±0.2 3.8 ±0.2b
EX 158.9 ±1.7 162.8 ±1.3a 138.1 ±2.1 142.1 ±1.1a 3.9 ±0.4 3.5 ±0.2b
2 CO 153.8 ±1.4 153.0 ±0.8b 137.8 ±1.2 136.7 ±0.8b 4.5 ±0.4 4.0 ±0.2ab
EX 156.1 ±2.0 162.0 ±2.1a 134.1 ±1.4 135.4 ±1.1b 4.1 ±0.3 4.9 ±0.3a
5 CO 156.9 ±1.3 155.3 ±0.9b 138.0 ±0.7 138.9 ±0.9ab 4.2 ±0.3 4.3 ±0.2ab
EX 157.0 ±1.2 154.0 ±0.9b 138.9 ±0.9 128.9 ±1.4c 3.7 ±0.1 4.2 ±0.1ab
24 CO 156.2 ±0.8 154.8 ±0.6b 139.1 ±0.9 137.6 ±0.7ab 3.7 ±0.1 3.8±0.1ab
EX 153.3 ±0.9 153.0 ±1.0b 138.8 ±0.7 139.0 ±0.6ab 3.8 ±0.3 4.2 ±0.1ab
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5. Discussion
In this study on juvenile turbot we demonstrated, for the first time, a moderate stress 
response in this species after 10 minutes of enforced exercise at various water 
temperature and salinity conditions. However, not all the parameters were affected to 
the same extent: plasma cortisol, glucose, and lactate were more affected than iono- 
regulatory parameters. All physiological changes in blood plasma had disappeared 
24 hours after stressor exposure.
The results on plasma cortisol in the control fish of our study demonstrate a 
relative insensitivity of turbot to sampling disturbance, which is in agreement with 
findings in turbot subjected to net-confinement (Chapter 2). The plasma cortisol 
response in stressed turbot was clearly affected by the water temperature, which 
enhanced the rate of increase at 18 and 22 °C, compared to 10 °C. A similar 
temperature effect on plasma cortisol was observed in turbot subjected to tank transfer 
and net-confinement at 19 °C compared to 10 °C (Chapter 2), and it also corresponds 
with observations in several other fish species subjected to handing stress (e.g. Strange, 
1980; Sumpter et al. 1985; Davis & Parker, 1990; Pankhurst et al., 1992; Pottinger et 
al., 1999). Such an effect of high water temperature is usually attributed to an 
increase in rate of cortisol release, as a result of higher metabolic rates (e.g. Sumpter 
et al., 1985; Pottinger et al., 1999). Further, also the magnitude of the cortisol 
elevations in EX-fish was higher at 22 °C than at 10 °C.
The influence of water salinity on the plasma cortisol response in EX-fish 
was less consistent. At 10 °C, changes in plasma cortisol levels were lower in EX­
fish at 15% than at 34%. At 18 °C, however, the cortisol response was lower in EX­
fish at 34%, compared to those at 15%. Finally, at 22 °C the magnitude of the initial 
cortisol response in EX-fish was similar at both salinities, but the rate of recovery 
appeared to be faster in EX-fish at 34% than at 15%. These results are difficult to 
compare with findings in other fish species, since hardly any study has examined the 
interaction of water temperature and salinity on the response of a marine species after 
exposure to an acute stressor. In several freshwater species, i.e. striped bass (Morone 
saxatilis; Mazik et al., 1991), walleye (Stizostedion vitreum; Barton & Zitzow, 1995), 
and pejerry (Odontesthes bonariensis; Tsuzuki et al., 2001), an increase in water 
salinity decreases the magnitude of plasma cortisol elevations after acute stress. 
However, such an ameliorating effect of salt addition was not found for stressed 
paddlefish in freshwater (Polyodon spathula; Barton et al., 1998). Furthermore, 
Nolan et al. (1999) did not find a difference in the cortisol response of fresh- and 
seawater acclimated tilapia (Oreochromis mossambicus) after 2 hours of net-
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confinement. The overall impression emerging from our results is that low salinity 
may, to some extent, reduce the cortisol response of turbot at low temperatures, but 
this effect disappears at higher temperatures, perhaps from an overshadowing by 
temperature-related effects.
The water temperature appeared also to be the main factor influencing plasma 
glucose in exercised turbot. As with cortisol, this became most evident from the higher 
rate of increase at 22 °C than from the increase in absolute levels. The response in EX­
fish at 18 °C was in between those found at 10 and 22 °C. The water salinity did not 
appear to be a major factor influencing plasma glucose of EX-fish. The magnitude of 
the glucose responses in EX-turbot was generally higher than found in net-confined 
turbot at 10 and 19 °C (Chapter 2). Both the magnitude and duration of the glucose 
response in EX-fish were in line with values found after exercise in other fish 
species. In rainbow trout (Onchorhynchus mykiss), basal levels are usually between 
3-4 mmol/l, and may increase up to 6 mmol/l or higher within 2-6 h after 5 min of 
exhaustive exercise (Pagnotta & Milligan, 1991; Milligan & Girard, 1993). However, 
for two other marine flatfish species, i.e. starry flounder (Platichthys stellatus) and 
winter flounder (Pseudopleuronectes americanus), basal levels and maximal 
responses were reported to be below 1.3 and 2.3 mmol/l, respectively (Miligan and 
Wood, 197a,b; Pagnotta & Milligan, 1991; Girard & Miligan, 1992).
A rapid initial hyperglycemic response after acute stress is usually 
interpreted as a result of liver glycogenolysis induced by catecholamines (CAs), 
whereas more prolonged hyperglycemia under (post-)stress conditions is thought to 
reflect hepatic gluconeogenesis mediated by cortisol (Vijayan et al., 1994, 1997; 
Fabbri et al., 1998). For reasons explained in Chapter 2, plasma CAs were not 
directly measured in this study, but the trend of glucose elevations within the first 
hour most likely reflects CA-induced glycogenolysis. Higher glucose responses to 
stressors at higher temperatures are considered to be a reflection of stimulated release 
of CAs due to a greater metabolic activity in fish acclimated to a higher temperature 
(Barton & Schreck, 1987; Davis & Parker, 1990). The ultimate stimulus for CA 
release appears to be hypoxemia, i.e. the depression of blood oxygen content below a 
hemoglobin saturation level of approximately 50% (Perry & Bernier, 1999; Perry et 
al., 2000), a condition that turbot may frequently experience in their natural habitat 
(see Chapters 2 and 4 for details). However, fish acclimated to higher temperatures 
also have a lower blood hemoglobin oxygen affinity (Perry & Reid, 1994), and this 
may be an additional reason that the threshold level for CA-release is reached faster 
at higher temperatures.
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Responses in plasma lactate after exercise were strongly affected by water 
temperature, with both enhanced rates of increase and peak levels at 18 and 22 °C, 
compared to 10 °C. A similar temperature effect on plasma lactate was observed in 
turbot subjected to tank transfer and net-confinement at 19 °C compared to 10 °C 
(Chapter 2). However, the peak levels after exercise at 18 and 22 °C are much higher 
than those found after net confinement at 19 °C, which might be a reflection of the 
different nature of the stressors, with enforced exercise inducing a high swimming 
activity, in contrast to confinement. Salinity did not have a major effect on plasma 
lactate in EX-fish, apart from the tendency of delayed recovery at low salinities at 18 
and 22 °C. Muscle and plasma lactate levels increase mainly from increased 
anaerobic glycogenolysis, but in fish much of the produced lactate is retained within 
the white muscle tissue, where it is directly converted into glycogen (Milligan & 
Girard, 1993; Sadler et al., 2000).
Lactate metabolism after exhaustive exercise by chasing has been examined in 
fish for several decades (e.g. Wood et al., 1977; Wood & Perry, 1985; Milligan, 1996). 
Until recently, Pleuronectidae and other relatively inactive benthic species were 
considered as lactate non-releasers, with peak blood lactate levels after exercise 
usually around 2 mmol.l-1, whereas salmonids and other active pelagic species were 
considered as lactate-releasers, with blood lactate peaks around 15-20 mmol.l-1 
(Pagnotta & Milligan, 1991; Milligan & Girard, 1993). This difference was presumed 
to result from higher muscle lactate retention in sluggish, inactive benthic species, 
which was attributed to their lifestyle and swimming performance (Pagnotta & 
Milligan, 1991; Girard & Milligan, 1992; Milligan & Girard, 1993). In rainbow 
trout, white muscle lactate retention and recovery after exercise have been suggested 
to be under control of circulating CAs (Milligan, 1996; Milligan et al., 2000), but this 
could not be demonstrated in starry flounder (Wood & Milligan, 1987) and 
freshwater carp (Cyprinus carpio; Knudsen & Jensen, 1998). For starry flounder it 
was concluded that there is a limited release of CAs after exhaustive exercise, 
indicating only a minor involvement of CAs in regulation of oxygen transport and 
recovery metabolism (Wood & Milligan, 1987). However, in a more recent study on 
rainbow trout Milligan et al. (2000) measured blood lactate peaks as low as 5 mmol.l"
1, as well as a faster recovery and no elevations in plasma cortisol in fish allowed to 
swim at low velocities following exhaustive exercise, compared to fish held in still 
water for recovery. The latter procedure is usually applied in exercise studies, but this 
might not be a natural situation for salmonids, which seek refuge in current and 
continue swimming after catch-and-release in the wild, rather than seeking refuge in 
still water (Milligan et al., 2000). In contrast, for many flatfish species recovery in still
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water is probably more relevant to their natural life-style. Therefore, earlier reported 
major differences in lactate metabolism between salmonids and flatfish species after 
exhaustive exercise might have been due to the imposition of post-exercise inactivity, 
causing a pronounced cortisol-mediated stress response and delayed recovery in the 
former but not in the latter group of fish species.
The results from our study demonstrate that enforced exercise can also 
induce a moderate lactate response in a benthic fish species, and that this response is 
heavily influenced by water temperature. Enhancement of lactacidosis after 
exhaustive exercise at higher temperatures has been reported for roach (Rutilus 
rutilus; Wieser et al., 1986; Dalla Via et al., 1989), rainbow trout (Kieffer et al., 
1994) and Atlantic salmon (Salmo salar; Wilkie et al., 1997), and may result from 
temperature-dependent changes in various metabolic processes, such as temperature- 
dependent muscle-to-blood gradients, increased diffusion of small molecules within 
the muscle tissue, and higher perfusion rates of white muscle tissue (Kieffer et al., 
1994; Wilkie et al., 1997). However, there is considerable evidence that also body 
size influences and/or limits the physiological post-exercise lactate response in fish 
(reviewed by Kieffer, 2000). In salmonids, the anaerobic capacity generally increases 
with body size, and so does the cost of burst activity, as a result of a greater 
utilization of muscle ATP and glycogen stores after exercise in larger fish. In 
rainbow trout, Atlantic salmon and brook trout (Salvelinus fontinalis) the energy 
stores used to support burst activity vary with body size, with higher muscle ATP 
and glycogen levels in larger fish (Ferguson et al., 1993; Kieffer et al., 1996; 
McDonald et al., 1998). Plasma lactate levels were not measured in the above 
studies, but it seems reasonable to expect that a smaller anaerobic muscle capacity 
would also result in less lactate being released into the blood. Such a relation 
between muscle and plasma lactate levels was also suggested by Kieffer et al. (2001) 
for shortnose sturgeon (Acipenser brevi rostrum). Further, in net-confined carp 
Pottinger (1998) found 3-fold higher plasma lactate peaks after 1 hour in fish >500 g 
than in fish <50 g, despite a lower water temperature of 4 versus 15 °C at which the 
large fish were kept. Interestingly, Childress & Somero (1990) and Kieffer et al.
(1996) found that a relationship between body size and anaerobic capacity is less 
pronounced in inactive, benthic species than in active pelagic species, which was 
suggested to be related to the level of sprint performance capacity required for an 
animals predator-prey interactions. In our study, however, EX-fish were considerably 
smaller at 10 °C than at 18 and 22 °C, and regression analyses showed a low to 
moderately significant correlation between plasma lactate and body weight of EX­
fish at t=0.5 and 2 h. We therefore conclude that the lower magnitude of the lactate
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responses in EX-fish at 10 °C might at least partly be the result of a smaller 
anaerobic muscle capacity, due to a smaller fish size.
The initial rise in plasma osmolality in EX-fish in the present study was 
slightly higher than observed in turbot after net-confinement (Chapter 2) and air 
exposure (Chapter 4, as well as Waring et al., 1996), and occurred in all groups 
regardless of temperature and salinity. This observation might again be a reflection 
of the different nature of forced exercise as a stressor compared to net-confinement 
and air exposure. However, the changes in plasma ions in stressed fish at full 
salinities were in line with those in turbot after net confinement and air exposure, 
with an initial rise in plasma Na+ and Cl- at 10 °C, and to a lesser extend in Cl- at 18 
°C, and no elevations in EX-fish at 22 °C. The latter phenomenon probably reflects a 
faster restoration of the hydromineral balance at higher water temperature, due to 
higher activity of ion transport mechanisms in gills, kidneys, intestine, and white 
muscle tissue (Davis & Parker, 1990; Wilkie et al., 1997). At 15% no changes 
occurred in plasma Na+ and Cl- of EX-fish at any temperature. Such a reduction of 
the magnitude of ionic disturbance after stress at low salinity has also been observed 
in other fish species, e.g. coho salmon (Oncorhynchus kisutch; Redding et al., 1984), 
striped bass (Mazik et al., 1991), and pejerry (Tsuzuki et al., 2001), and reflects a 
facilitated maintenance and recovery of osmotic homeostasis in a more iso-osmotic 
environment (Redding & Schreck, 1984; Reubush and Heath, 1997). It can be 
concluded therefore, that both water temperature and salinity influenced the 
maintenance and recovery of the hydro-mineral balance in exercised turbot. The 
relatively low magnitude and fast recovery of those disturbances that did occur point 
towards hemoconcentration, due to loss of plasma water moving out of the 
circulation into the tissues, as the primary cause of these changes (Wendelaar Bonga, 
1997).
Pronounced changes in plasma K+ did not occur in exercised turbot at any 
temperature or salinity, which is in line with observations in turbot after net- 
confinement (Chapter 2) and air exposure (Chapter 4). Elevated plasma K+ are 
usually a sign of intracellular acidosis in arterial blood, which can be of mixed 
respiratory and metabolic origin and has been correlated with K+ extrusion in 
mammalian skeletal muscle (Turner, 1983a,b; Knudsen & Jensen, 1998). Opdyke et 
al. (1982) suggested that elevations in plasma K+ might be partly responsible for the 
release and maintenance of circulating catecholamines after exercise. The absence of 
a clear rise in plasma K+ levels indicates that metabolic acidosis was limited in our 
EX-fish.
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In summary, the present study demonstrates that exhaustive exercise induced 
a moderate stress response in juvenile turbot reared at various temperature and 
salinity combinations. Temperature was the dominating environmental factor 
modifying this stress response, enhancing the rates of increase in plasma cortisol and 
glucose levels, rates of increase and response magnitudes of plasma lactate levels, 
and recovery of plasma Na+ and Cl- levels at high temperatures. Responses in plasma 
lactate were also dependent of the body weight of the fish. The influence of water 
salinity was less pronounced, with a moderating effect on the cortisol response at low 
temperatures, and a reduction of the magnitude of ionic disturbance after exercise at 
low salinities. The response of turbot to exercise involved activation of the BPI-axis, 
as indicated by the elevations in plasma cortisol. The modest responses in plasma 
glucose and the small changes Na+ and Cl-, together with the absence of plasma K+ 
elevation, indicate at most a mild activation of the BSC-axis and hence little release 
of CAs, at least at the lower water temperatures. Finally, regarding the aquaculture of 
turbot, it can be concluded that rearing juvenile fish at intermediate salinities in the 
upper temperature range may improve growth, as suggested by Imsland et al. (2001), 
and this does not have a major influence on the capacity to respond to acute handling 
stress.
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CHAPTER 6
Water temperature influences the stress response in different 
strains of Atlantic halibut juveniles
E.H. van Ham, G. Kruitwagen, A.K. Imsland, T.M. Jonassen, M. Jenssen,
B.O. Sveinsbo, R. FitzGerald, C.J.M. van der Meij, S.O. Stefansson & 
S.E. Wendelaar Bonga

1. Abstract
We investigated the influence of two water temperatures (12 and 18 °C) on the stress 
response of two geographically distinctive strains of juvenile Atlantic halibut, from 
Norway and Iceland, after subjection to tank transfer or net confinement. The stress 
response was characterized by examination of survival and behavioral changes, 
primary and secondary stress parameters in blood and plasma, and ultra-structural 
changes associated with stress in the gills. Resting levels of stress parameters were 
similar in both strains and not influenced by the water temperature. The most 
pronounced changes after stressor application were the occurrence of ‘freezing’ 
behavior (body contraction), increases in plasma glucose, lactate, and Cl- levels, and 
decreases in plasma K+-levels. Increases in hematocrit, plasma osmolality, and 
plasma Na+-levels were less pronounced. Plasma cortisol levels were highly variable, 
probably as a result of sampling disturbance. The two stressors did not cause 
significant structural and ultra-structural changes in the gills. Apart from the rise in 
cortisol all physiological changes, as well as the behavioral changes in most fish, had 
disappeared after 24 h. The observed changes appeared to be related to temperature 
rather than strain differences, which was most obvious in the much more pronounced 
freezing response at 18 °C. Temperature effects were also noticeable in several of the 
plasma parameters, but without a clear temperature-related trend. The response of the 
different strains was qualitatively and temporally similar to both stressors at both 
temperatures, but the stress response to net-confinement was much stronger than to 
tank transfer. The results indicate that the observed stress responses were due to 
activation of both the brain-pituitary-interrenal axis and the brain-sympathetic- 
chromaffin cell axis. The stress response of Atlantic halibut is fairly moderate 
compared to several non-flatfish species, but more severe than in turbot, which might 
be related to the more pelagic lifestyle of Atlantic halibut compared to turbot.
2. Introduction
A large part of research on stress in fish has been performed on salmonids, tilapia 
species and carp, and other teleosts are often assumed to respond in a similar way to 
stressors. However, the validity of this assumption can be challenged, since even 
closely related species may show differences in their responses (Chapter 1). Several 
authors have described stress responses in flatfish species, including turbot (see 
Chapters 1 and 2), plaice (Pleuronectes platessa; Fletcher, 1992), flounder
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(Platichthys flesus; Waring et al., 1992), and greenback flounder (Rhombosolea 
tapirina; Barnett & Pankhurst, 1998). However, hardly anything has been published 
on stressor effects in Atlantic halibut, apart from a study by Staurnes (2001), in which 
halibut juveniles were exposed to an acute low temperature exposure.
In this chapter we investigated the response of Atlantic halibut juveniles to 
two acute handling stressors, tank transfer and net confinement, after rearing the fish 
for three months at water temperatures of 12 and 18 °C. These water temperatures are 
higher than those at which halibut are naturally found (Chapter 1), but are of interest 
for halibut aquaculture. Jonassen et al. (2000) found optimal growth and feed 
conversions of halibut juveniles between 12-15 °C, whereas the growth performance 
was reduced at 18 °C. However, in order to increase our understanding of the effect 
of temperature on fish physiology, attention is also required for other characteristics, 
such as immune competence and stress resistance. This may also be of interest for 
optimizing the production of fish under aquaculture conditions. The water 
temperature is an important modifying factor of the stress response in fish, but 
reported temperature effects in other species are not consistent (Chapter 2). Juvenile 
turbot generally display more pronounced responses at higher temperatures (Chapters
2, 4 and 5), but for halibut no such investigations have been published.
Furthermore, an attempt was made to define the interaction between 
environmental factors and genetic background on the stress response of Atlantic 
halibut. Regarding genetic background, differences in responses have been reported 
for different strains or families of the same fish species, mostly salmonids (e.g. 
Fevolden et al., 1991; Pottinger & Moran, 1993; McDonald & Robinson, 1993; 
Pottinger et al., 1994; Pottinger & Carrick, 1999, 2001; Fevolden et al., 2002). Since 
studies concerning stress and genetic background are not available for Atlantic 
halibut, we measured the response to the two handling stressors at two rearing 
temperatures in two geographically distinct populations of Atlantic halibut from 
Norway and Island. Our specific objectives were to investigate i) if high rearing water 
temperatures affect the stress response of halibut, ii) if different stress parameters are 
similarly affected by higher temperatures, iii) if the temperature influence differs when 
different handling stressors are applied, and iv) if geographically distinctive strains of 
halibut differ in their response to handling stress. We characterized the rate, 
magnitude and recovery of the stress response of the fish in terms of survival, changes 
in behavior, and measurements of primary and secondary stress parameters in blood 
(hematocrit) and plasma (cortisol, glucose, lactate and ions). In addition, we 
measured ultra-structural changes associated with stress in the gills (Wendelaar 
Bonga 1997; Dang et al, 1999).
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3. Materials and Methods
3.1. Animals
Two distinct populations of juvenile Atlantic halibut, which were all offspring of wild- 
caught parents, were obtained from Halitech Inc., Avereya (66° N, Norwegian strain 
[NS]) and Fiskeldi Eyjafjardar Inc., Akureyri (64° N, Icelandic strain [IS]). The 
animals were kept in 1-m3 square, gray, covered fiberglass tanks of 1-m3 size (400 l. 
water volume, 80 fish per tank) at the High Technology Center in Bergen, Norway, 
under flow-through seawater conditions (salinity 34.5 ± 0.2%) and a light regime of 
L:D = 20:4 including twilight periods. Initially the fish were used in growth 
experiments for 3 months. In this period, fish from each strain were reared at 
experimental temperatures of 12 ± 0.2 °C and 18 ± 0.2 °C. All treatment groups 
consisted of two replicate tanks. Throughout the growth period the fish were left 
undisturbed apart from daily routine husbandry and a monthly weighing procedure to 
monitor the growth. During the growth period the fish were fed in excess with a 
commercial formulated feed for flatfish (T. Skretting A/S, Stavanger, Norway) 
containing 51% protein, 22% fat and 10% ash. For more details, see Jonassen et al. 
(2000).
3.2. Experimental setup
After the last growth measurements the fish were left undisturbed for another 4 
weeks under the same rearing conditions and feeding regime. By that time the fish 
had reached the following mean weights (± SD): i) NS 12 °C: 77.2 ± 23.1 g, ii) IS 12 
°C: 55.5 ± 15.4 g, iii) NS 18 °C: 83.0 ± 29.4 g, and iv) IS 18 °C: 61.7±22.0 g.
Two sample periods of 2 x 6 days were used for a stress challenge 
experiment at both temperatures. Prior to the start of the stress experiments samples 
were taken from 8 fish (PS, n=8) from each strain at each temperature from the 
rearing tanks. At the start of each confinement experiment half of total amount of fish 
from each strain at each temperature were captured from the rearing tanks and directly 
transferred from their original rearing tank to a recovery tank (180 l, 90% air 
saturation), and are further referred to as tank transfer groups (TT). The other half of 
the fish from each strain at each temperature were captured from the rearing tanks, 
confined in 4 dipnets (6 l., 7-10 fish in each net), and kept for 30 min in 40 l. buckets 
with approximately 5 cm water, which just covered the fish. During the confinement 
period oxygen levels were maintained at 120-130% air saturation. After 30 min. 
these fish, further referred to as net confined groups (NC), were transferred to similar 
recovery tanks. Samples were taken from TT and NC fish at four time-points after
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stress: t = 2, 5, and 8 h (n=8), and t=24 h (n=6-8). The stress response of the fish was 
determined by recording survival and behavioral changes, measurements of 
physiological parameters in blood (hematocrit) and plasma (cortisol, glucose, lactate, 
osmolality and Na+, Cl-, and K+ ions), as well as by microscopical analysis of gill 
epithelia with light microscopy (LM, on Icelandic strain at 12 and 18 °C) and 
transmission electron microscopy (EM, on Norwegian strain at 12 and 18 °C). Gill 
samples were taken before stress and at t=24 h post-treatment. Survival of the 
remaining fish was monitored until 4 days post-stress. The animals were deprived 
from feed 24 hours prior to and during the stress experiments.
3.3. Sampling methods and analytical techniques
Sampling methods and analytical techniques for plasma cortisol, glucose, lactate, 
osmolality, ions, and hematocrit were similar as described in Chapter 2, paragraph
2.3. Gill samples for LM analysis were fixed and processed as described in Chapter 4, 
paragraph 2.3. Tissues for EM analysis were fixed and processed as described in 
Chapter 2, paragraph 2.3.
3.4. Statistical analyse.
Statistical analyses were performed with Statistica 5.5 for Windows (StatSoft Inc., 
2000). The assumption of homogeneity of variances was tested for all data, which 
were log-transformed if necessary. Data were initially subjected to regression 
analyses according to Packard & Boardman (1999) for determination of possible 
body size effects, but significant correlations were not found (r2<0.08, P>0.05). 
Two-way ANOVA was used a) to test for temporal differences between TT and NC 
fish for each parameter at each strain/temperature combination, and b) to test for the 
interaction between strains and temperatures on the stress response separately in TT 
and NC fish for each parameter at each time point. ANOVAs that showed significant 
differences were followed by a Tukey HSD post-hoc test. Significance was accepted 
when P<0.05 (Zar, 1984).
4. Results
4.1. Mortalities and behavioral responses
At 12 °C only one small fish of approximately 30 g from the Norwegian strain (NS 
12 °C) died within 4 h after net confinement. At 18 °C no mortalities occurred. After 
exposure to both tank transfer (TT) and net confinement (NC), both strains of
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Atlantic halibut initially displayed a severe body contraction (‘freezing’ behavior),
i.e. a pronounced behavioral stress response in which the tails were directed upwards, 
while the fish were lying on the bottom of the tanks. This behavior started after 20­
30 minutes in some fish, and became visible in all TT and NC fish of each strain at 
each temperature after 1 hour post-treatment. When the fish were disturbed by dip- 
netting for serial removal of the next cohorts at t=2, 5 and 8 h post-treatment, some 
fish begun to swim actively, thereby loosing the body contraction, which however 
reappeared in those fish within 10 minutes after removal of the cohort. At 12 °C the 
behavior disappeared within 5 h in the TT fish, and was reduced after 8-10 h in the 
NC fish. At 18 °C it disappeared in TT fish between 5-8 h, while it was still shown in 
all NC fish after 12 h. At t=24 h the body contraction had disappeared in the TT 
groups at 12 °C and 18 °C, but a few fish of each strain at 18 °C NC still showed a 
slight contraction, which finally disappeared between t=24 h and t=30 h. No 
differences were observed between the two strains.
4.2. Blood and plasma parameters
Mean plasma cortisol levels before stress (PS) varied between 93.5 and 153.5 ng/ml 
and were not significantly different between groups (P>0.4). Plasma cortisol levels 
were highly variable over time in both TT and NC fish, but showed a similar trend 
for both stressors at all strain-temperature combinations, with lower levels at t=5 h 
and t=8 h (Fig 6.1). Two-way ANOVA for strain/temperature interactions revealed in 
TT fish a significant temperature effect at t=5 h (P<0.05) and t=8 h (P<0.01). In NC 
fish, a significant temperature effect was revealed at t=5 and t=24 h (P<0.001).
Mean plasma glucose levels before stress (PS) varied between 1.4 and 1.8 
mmol/l and were not significantly different between groups (P>0.05). Plasma 
glucose levels in TT fish did not change significantly over time at any strain- 
temperature combination (Fig. 6.2). At 12 °C, net confinement caused a significant 
increase in plasma glucose of Norwegian fish (P<0.05), which lasted until t=8 h, 
whereas in Icelandic fish recovery was completed by that time. In Norwegian fish at 
18 °C, net confinement caused only a significant increase in plasma glucose at t=5 h 
(P<0.05). In net-confined Icelandic fish at 18 °C peak levels found at t=2 and 5 h 
were higher than in the other groups, and recovery was not completed until t=24 h. 
Two-way ANOVA for strain/temperature interactions revealed a significant 
temperature effect in TT fish at t=2 h (P<0.01), with lower levels in Icelandic fish at 
12 than at 18 °C, and significant interaction effects in NC fish at t=2 and 8 h 
(P<0.05).
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Fig. 6.1. Plasma cortisol concentrations (ng/ml) before stress (PS) and after stress-treatment 
in Norwegian (NS) and Icelandic (IS) halibut reared at 12 and 18 °C. Means ± S.E., n=6-8. 
TT = tank transfer; NC = net confinement. Significant differences between groups are 
indicated with letters (P<0.05). Groups sharing the same letter are not significantly different. 
n.s. = not significant.
Mean plasma lactate levels before stress (PS) varied from 0.6-1.0 mmol/l and 
were not significantly different between groups (P>0.7). Plasma lactate levels in TT 
fish did not change significantly over time at any strain-temperature combination 
(Fig. 6.3). At 12 °C, a similar pattern in plasma lactate was found in net-confined 
fish from both strains, with significantly higher levels at t=2 h (P<0.05), and a 
complete recovery at t=5 h. At 18 °C, plasma lactate did not change significantly 
over time in net-confined Norwegian fish, whereas in Icelandic fish net confinement 
caused more pronounced changes in plasma lactate than in the other groups, with 
higher peak levels and a delayed recovery. Two-way ANOVA revealed a significant 
temperature effect in TT fish at t=2 and t=8 h (P<0.05), whereas in NC fish 
significant strain (P<0.01) and interaction (P<0.05) effects were found at t=2 h, and a 
significant strain effect at t=5 and t=8 h (P<0.05).
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Fig. 6.2. Plasma glucose concentrations (mmol/l) before stress (PS) and after stress-treatment 
in Norwegian (NS) and Icelandic (IS) halibut reared at 12 and 18 °C. Means ± S.E., n=6-8. 
TT = tank transfer; NC = net confinement. Significant differences between groups are 
indicated with letters (P<0.05). Groups sharing the same letter are not significantly different.
Mean plasma osmolality values before stress (PS) varied from 334 to 341 
mmol/l and were not significantly different between groups (P>0.4). Plasma 
osmolality levels in TT fish tended to increase at t=2, 5 and 8 h in all strain- 
temperature combinations, but only in the Norwegian strain at 12 °C these elevations 
were significantly different from pre-stress levels (Fig. 4a,b). In NC fish the 
elevations were much more pronounced. At 12 °C, net confinement caused a 
significant increase in plasma osmolality glucose of Norwegian fish (P<0.05), which 
lasted until t=8 h, whereas in Icelandic fish recovery was completed by that time. At 
18 °C, a similar pattern in plasma osmolality was found in net-confined fish from 
both strains, but with higher peak levels in the Icelandic fish. Two-way ANOVA 
revealed in NC fish significant temperature and strain effects at t=2 h (P<0.05), and 
significant strain (P<0.05) and interaction (P<0.001) effects at t=8 h.
107
10
I 8
NS 12°C □  TT
10 -
NS 18°C □  TT
□  NC □  NC
b
F_1
bc
Hü
bc bc
rm
bc bc
c c
PS 2 5 8 24
T im e  (h)
iS 4TO£(A
IS 2
jd l r^ n
2 5 8 24
T im e (h)
IS 1 8°C
££ 
w  6 o
— 4TO£(A
-  2 n 2
□  TT
□  NC
I
I
bc
d l
bc
Tim e (h)
2 5 8 24
T im e (h)
8
n.s
66
a4
0 0
a
ab
bc
bc
0
PS
Fig. 6.3. Plasma lactate concentrations (mmol/l) before stress (PS) and after stress-treatment 
in Norwegian (NS) and Icelandic (IS) halibut reared at 12 and 18 °C. Means ± S.E., n=6-8. 
TT = tank transfer; NC = net confinement. Significant differences between groups are 
indicated with letters (P<0.05). Groups sharing the same letter are not significantly different. 
n.s. = not significant.
Mean plasma Na+ levels before stress (PS) varied between 171.4 and 177.3 
mmol/l and were not significantly different between groups (P>0.1). Plasma Na+ 
levels in TT fish did not increase significantly over time at any strain-temperature 
combination (Tables 6.1, 6.2). At 12 °C, a significant increase was found at t=2 h in 
NC fish of the Norwegian strain (P<0.05) and, more pronounced, in the Icelandic 
strain (P<0.001). Recovery was completed in NC fish of both strains at t=5 h. At 
18 °C, plasma Na+ levels did not change significantly over time in net-confined 
Norwegian fish, and only minor changes occurred in Icelandic NC fish. Two-way 
ANOVA for strain/temperature interactions revealed in TT fish significant strain 
effects at t=2, 5 and 24 h (P<0.01), significant temperature effects at t=2 h (P<0.01) 
and t=5 h (P<0.05), and interaction effects at t=5 h and t=24 h (P<0.05). In NC fish, 
a significant strain effect was revealed at t=8 h (P<0.01), a significant temperature 
effect at t=2 (P<0.05), and a significant interaction effect at t=5 h (P<0.05).
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Fig 6.4. Plasma osmolality (Osmol/kg) before stress (PS) and after stress-treatment in 
Norwegian (NS) and Icelandic (IS) halibut reared at 12 and 18 °C. Means ± S.E., n=6-8. TT 
= tank transfer; NC = net confinement. Significant differences between groups are indicated 
with letters (P<0.05). Groups sharing the same letter are not significantly different. n.s. = not 
significant.
Mean plasma Cl- levels before stress (PS) varied from 139 to 144 mmol/l and 
were not significantly different between groups (P>0.1). Plasma Cl- levels were 
elevated at t=2, 5 and 8 h in TT fish of all strain-temperature combinations, and 
significantly different from pre-stress levels in Norwegian fish at 12 and 18 °C 
(Tables 6.1, 6.2). In NC fish, plasma Cl- elevations were more pronounced, 
especially at t=2 h where they appeared to be higher in both strains at 12 °C than at 
18 °C. Plasma Cl- levels of TT and NC fish remained elevated until t= 8 h in all 
strain/temperature combinations. Two-way ANOVA revealed a significant 
temperature effect at t=2 h only in NC fish (P<0.01), as well as an interaction effect 
at t=8 h (P<0.05).
Mean plasma K+ levels before stress (PS) varied between 4.5 and 5.9mmol/l 
and were not significantly different between groups (P>0.1). Plasma K+ levels in both 
TT and NC fish tended to decrease at t=2, 5 and 8 h in all strain-temperature
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combinations, and this effect was more pronounced in fish at 18 than at 12 °C 
(Tables 6.1, 6.2). In all groups this effect was diminished at t=24 h. Two-way 
ANOVA revealed only in TT fish a significant strain effect at t=5 h (P<0.01), and 
interaction effects at t=2 h (P<0.05) and t=5 h (P<0.001).
Mean blood hematocrit levels before stress (PS) varied from 18 to 21% and 
were not significantly different between groups (P>0.05). Blood hematocrit levels 
after stress showed a similar trend in TT and NC fish of all strain-temperature 
combinations, with increased levels at t=2, 5 and 8 h (Tables 6.1, 6.2). Two-way 
ANOVA revealed in TT fish significant temperature effects at t=5 and 24 h (P<0.01). 
In NC fish, significant strain and temperature effects were found at t=5 h (P<0.05), 
and a significant temperature effect at t=24 h (P<0.01).
Fig 6.5. Gill filaments of Norwegian halibut reared at 12 and 18 °C. a) Pre-stress control, 
18 °C. cc = chloride cell; pc = pavement cell with small numbers of secretory granules (sg).
b) Tank transfer 18 °C, t=24 h; cc = chloride cell; pc = pavement cell; mc = mucocyte; 
m = macrophage, present between the normal epithelial cells. c) Net confinement 18 °C, 
t=24 h; cc = chloride cell; pc = apoptotic pavement cell; amc = apoptotic mucus cell; 
lc = leukocyte. d) Net confinement 12 °C, t=24 h; cc = apoptotic chloride cell; s = enlarged 
intercellular spaces. e) Net confinement 18 °C, t=24 h; apc = apoptotic pavement cell; 
npc = necrotic pavement cell; l = lymphocyte between the normal epithelial cells. f) Net 
confinement 18 °C, t=24 h; this micrograph shows part of the cytoplasm of an immature 
chloride cell; m = mitochondria; r = clusters of free ribosomes (dense particles). In all 
pictures scale bar = 1 ^m.
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Table 6.1. Plasma ions (mmol/l) and blood hematocrit levels (%) before stress (Pre-Stress) and at various time-points ( in hours) after stress- 
treatment in Norwegian (NS) and Icelandic (IS) halibut reared at 12 °C. Values (mean ± S.E) in columns, n=6-8. TT = tank transfer, NC = 
net confinement. Significant differences between groups are indicated with letters (P0.05). Values in the same column without letters or with 
the same letter are not significantly different.
Time
I
12 °C 
Stressor
4
NS
Na+
IS
Cl
NS IS NS
K+
IS
Hematocrit
NS IS
Pre-Stress 179.3±0.9bc 175.8±2.5bcd 143.6 ± 1.6cd 143.1±1.6cd 4.6±0.2a 4.5±0.3ab 17.8±1.0bcd 19.4±0.7abc
2 TT 178.7±1.0bc 182.4 ±2.6b 153.7±1.5abc 150.0 ± 2.7bc 4.4±0.2ab 4.1± 0.1ab 23.2± 0.6ab 24.0±1.0a
NC 187.9± 2.8a 199.9 ±2.9a 160.1 ±2.3a 166.6 ±2.2a 4.4±0.3ab 4.7± 0.3a 25.0± 0.5a 23.6±1.6a
5 TT 175.2±1.5bc 183.6 ± 1.8b 153.0±0.9abc 151.9 ±2.2bc 4.2±0.1ab 4.3 ±0.1ab - 22.6±1.0ab
NC 180.9± 1.9b 176.3±1.6bcd 153.2±1.8abc 155.0 ± 1.3b 4.1±0.1ab 3.8 ± 0.2ab 22.2±1.3abc 24.4±1.0a
8 TT 178.7±1.6bc 179.4 ± 1.8bc 154.6 ± 1.9ab 152.6±1.4bc 3.9±0.1ab 4.0 ± 0.2ab 21.1±1.3abc 24.1±1.7a
NC 172.8± 1.4° 177.2±2.1bcd 151.3 ± 1.2° 147.8±1.5bcd 3.4 ± 0.1b 3.6 ± 0.2b 23.9±0.9a 24.8± 0.8a
24 TT 177.2±1.2bc 169.7 ± 1.5d 142.8 ± 1.5d 140.1 ±3.5d 4.8±0.3a 4.5 ± 0.2ab 16.9±1.3cd 17.2±0.9b
NC 170.9± 0.9° 174.7±0.6bcd 138.9 ± 1.2d 139.3 ±2.1d 4.5±0.3ab 4.5 ± 0.2ab 14.2±0.6d 15.5±1.8°
Table 6.2. Plasma ions (mmol/l) and blood hematocrit levels (%) before stress (Pre-Stress) and at various time-points ( in hours) after stress- 
treatment in Norwegian (NS) and Icelandic (IS) halibut reared at 18 °C. Values (mean ± S.E) in columns, n=6-8. TT = tank transfer, NC = 
net confinement. Significant differences between groups are indicated with letters (P0.05). Values in the same column without letters or with 
the same letter are not significantly different.
Time
I
18 °C 
Stressor
4
NS
Na+
IS NS
Cl
IS NS
K+
IS
Hematocrit
NS IS
Pre-Stress 173.2 ±3.3 174.7±1.6ab 139.8 ± 1.4d 142.1 ±2.6b 5.2±0.2ab 5.9±0.4a 20.8±1.0ab 19.7±1.7b
2 TT 169.8 ± 1.7 180.2± 2.1ab 151.9±1.2abo 148.8± 0.9ab 4.1± 0.1b 4.7±0.2abc 25.5±1.0ab 23.7±1.2ab
NC 178.8 ±2.9 184.4± 2.9a 154.9 ± 1.8a 155.8 ± 1.8a 4.3± 0.2b 4.4±0.1bc 26.8±1.7a 25.2±l.lab
5 TT 172.9 ± 1.8 173.1 ± 1.2b 146.9±1.3bod 148.8 ±0.8ab 4.5±0.3ab 3.3±0.2d 26.3±1. Ia 28.6±1. Ia
NC 172.6 ± 1.4 177.5 ± 2.7ab 153.1± 1.0ab 152.3 ±2.3a 4.2± 0.2b 4.1±0.2bcd 24.7±1.3ab 28.6±1.0a
8 TT 177.0 ± 1.1 179.6 ± 1.8ab 151.3±0.8abo 151.9 ± 1.5a 4.0± 0.3b 3.7±0.1cd 28.9±1.3a 27.0±1.2a
NC 172.2 ± 1.4 174.5 ± 0.9ab 148.4±1.0abc 150.9±1.4ab 3.6± 0.1b 3.7±0.1cd 23.5±0.6ab 23.2±1.4ab
24 TT 173.4 ±2.0 173.2 ±0.7b 144.3± 1.7cd 146.7±1.3ab 5.6± 0.2a 5.3±0.4ab 20.7±2.6ab 20.1±0.9b
NC 171.2 ± 1.4 170.4 ± 3.lb 142.4± 1.5d 141.9±2.4b 5.1± 0.3ab 5.5±0.3ab 20.3±0.7b 19.6±1.0b
4.3. Gill histology.
Gill structure was examined before stress and at t=24 h post-treatment in TT and NC 
fish of the Icelandic strain at 12 and 18 °C with light microscopy for possible 
histological deformation, such as epithelial lifting, necrosis, lamellar fusion, 
hypertrophy, hyperplasia, epithelial rupture, mucus secretion, mucus cell 
proliferation, early damage of chloride cells, and chloride cell proliferation (Mallat, 
1985). However, no abnormalities were found on the light microscope level, 
filaments as well as secondary lamellae appeared to be similar in all groups.
Gill samples from TT and NC fish of the Norwegian strain at 12 and 18 °C 
were examined with transmission electron microscopy (TEM) for possible ultra- 
structural tissue damage (Fig. 6.5a-f). Generally, gills from TT fish at both 
temperatures showed only few lymphocytes and apoptotic pavement cells showing a 
condensed, electrondense cytoplasm with contracted electrondense nuclei and 
mitochondria (Wendelaar Bonga & van der Meij, 1989; Wendelaar Bonga et al., 1990). 
Many cells with numerous free ribosomes, large nuclei of low electrondensity, were 
observed. They were interpreted as immature cells, and their presence could be a sign 
of increased cell turnover. Only a few intercellular spaces were shown, and it was 
concluded that gill tissue damage in these groups as a result of TT was limited or 
even completely absent (Fig. 6.5b) In NC fish, gill tissue damage was more 
pronounced at both temperatures than in the TT fish, with a higher frequency of 
apoptotic pavement cells, as well as the occurrence of apoptotic chloride and mucus 
cells, a few necrotic chloride cells, and more small secretory granules in the 
pavement cells. A few cells appeared dark but with mucus granules. Overall, the gills 
of fish at 18 °C appeared to be in a slightly better condition than the gills of fish 
reared at 12 °C (Fig. 6.5c-f).
5. Discussion
Behavioral reactions of fishes are easily observable adaptive responses and can 
therefore serve as biomarkers for stress (Beitinger 1990). In our study Atlantic 
halibut displayed a clear behavioral response to both stressors by showing a curved 
body posture. Although this behavior was observed in all strains in response to both 
stressors at both temperatures, differences were found between the temperatures and 
the stressors during the course of the early post-treatment period. The response was 
more pronounced at 18 than at 12 °C, and also more pronounced in NC fish than in 
TT fish, but no differences were observed between the strains. Changes in blood
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parameters occurred mainly in the initial post-treatment period, and were also more 
related to temperature than to strain effects, although clear trends in temperature 
effects were not found. The physiological responses were also more pronounced in 
NC than in TT animals.
A similar ‘freezing’-behavior as observed in our study was described by 
Martinez-Cordero et al. (1994) in adult halibut in floating sea-cages during heavy 
weather conditions. To our knowledge the clear relationship between the contraction 
behavior and stressor intensity, as well as the temperature influence, with more 
prolonged contractions at higher temperatures, have not been published before. The 
time-span of the body contractions coincided with the time of osmoregulatory 
disturbances and, in NC fish, also with glucose elevations. These coincidences 
strongly indicate that the behavioral response is directly related to stress. Curved 
body postures after stress, have to our knowledge, not been described for other 
flatfish species such as plaice, flounder, and sole (Solea solea). Exposure of juvenile 
turbot to a comparable net confinement procedure did not cause such a behavioral 
response (Chapter 2). However, in a severe case of stress where turbot were deprived 
from flowing water for several hours, and which caused some mortalities, this 
particular behavior was observed in the surviving fish (Dr. R. Hoare, University 
College of Cork, pers. comm.). This indicates that this behavior is not unique for 
Atlantic halibut, but it seems to be more readily displayed in this species than in 
turbot, which might reflect a greater stress sensitivity of halibut compared to turbot.
Plasma cortisol levels in teleost fish often rise within a few minutes after 
exposure to an acute stressor, from levels between 2 and 42 ng.ml-1 in resting fish to 
20 to 500 ng.ml-1 in stressed fish (Gamperl et al., 1994). In our study, the first post­
treatment sampling occurred after 2 hours. Cortisol levels were high at that time, but 
they were generally not different from pre-stress levels. It is possible that sampling at 
2 h after stressor application was too late to demonstrate a maximal cortisol peak. On 
the other hand, the very high pre-stress levels are matching with peak values of other 
flatfish species (Davis & Parker, 1986; Waring et al., 1992). Together with the 
variation in cortisol throughout the post-treatment period, especially at 18 °C, this 
indicates that Atlantic halibut is sensitive to serial removal of cohorts from the same 
tank. This is in contrast to the lack of effects of serial cohort removal on plasma 
cortisol in rainbow trout (Onchorhynchus mykiss; Barton et al., 1980), chinook 
salmon (O. tshawytscha; Barton et al., 1986), and turbot (Mugnier et al., 1998; 
Chapters 2, 4 and 5). In other studies, cortisol increases due to serial removal have 
been reported, e.g. for brown trout (Salmo trutta; Pickering et al., 1982), rainbow 
trout (Laidley & Leatherland, 1988), snapper (Pagrus auratus; Pankhurst et al.,
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1992), and gilthead sea bream (Sparus aurata; Papoutsoglou et al., 1999), but these 
increases were in most cases of a lower magnitude and shorter duration than in 
halibut. Therefore, it appears that halibut are sensitive to handling from serial tank 
removal compared to other teleosts, and that the response latency for cortisol in 
halibut is rather short, despite the fact that all cohorts in our study were caught and 
sampled within 10-15 minutes. In other teleosts, usually a response latency of 10-13 
minutes after first disturbance is found in cortisol after serial sampling (Barnett & 
Pankhurst, 1998). Nevertheless, from the higher mean cortisol levels before stress, 
and the higher levels at t=5, 8, and 24 h, it appears that the fish were more affected 
by the stressors at 18 than at 12 °C. However, no differences were found between the 
two stressors or the two strains.
Basal or resting levels of plasma glucose were in agreement with those 
reported for halibut by Staurnes (2001). NC fish showed a clear increase in plasma 
glucose levels, which remained elevated for more than 8 hours, whereas TT fish 
hardly showed a glucose response. The response in Norwegian NC fish seemed to be 
slightly more pronounced at 12 than at 18 °C, whereas the opposite was true for the 
Icelandic fish. Many fish species show a rapid initial hyperglycemic response after 
acute stress, which is usually interpreted as a result of liver glycogenolysis induced 
by catecholamines (CAs, Chapter 1). In NC halibut fish this is probably reflected by 
the initial rise at t=2 h. On the other hand, more prolonged hyperglycemia under 
post-stress conditions usually reflects cortisol-mediated hepatic gluconeogenesis 
(Chapter 1). The prolonged elevation of plasma glucose in NC fish up to 8 h post­
treatment might be a reflection of this process. Similar patterns in hyperglycemic 
responses have been observed in other teleosts, such as Atlantic salmon and brook 
trout, after exposure to stressors comparable to the ones used in this study (e.g. 
Waring et al, 1992; Biron & Benfey, 1994), but both basal levels and response 
magnitudes are generally higher in these species. In Salmonidae, basal levels are 
often around 3 mmol/l, and increase up to levels between 7-10 mmol/l or higher after 
net confinements between 5-40 minutes (Waring et al, 1992; Biron & Benfey, 1994; 
Benfey & Biron, 2000). In contrast, in turbot we found glucose responses of a 
smaller magnitude and a shorter duration after net-confinement (Chapter 2), and also 
Waring et al. (1992) found lower peak levels in flounder after 9 minutes net 
confinement. Altogether, this may indicate that the glucose response sensitivity to 
stress in Atlantic halibut is higher than in turbot and other flatfish species, but lower 
than in salmonids.
Resting levels of plasma lactate in halibut were in the range of what is 
usually found in salmonids (e.g. Milligan et al., 1993; Kieffer et al, 1994; Sadler et
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al., 2000), which is higher than basal levels reported for flounder (Waring et al., 
1992) and turbot (Waring et al., 1996; Maxime et al., 2000; Chapters 2 and 5), but 
lower than resting levels observed in Cyprinidae (3-4 mmol/l, Pottinger, 1998; 
Pottinger et al., 2000). The increase in plasma lactate observed in NC halibut results 
from incomplete glucose oxidation due to anaerobic metabolism (Chapter 1), and is 
in agreement with observations on other flatfish species (Waring et al. 1992, 1996; 
Barnett & Pankhurst, 1998). As with glucose, no increases were found in TT fish, 
and no apparent differences were observed between the strains. The initial rise in 
plasma lactate found at t=2 h post-treatment in Norwegian NC fish was slightly 
higher at 12 than at 18 °C, whereas the opposite was found in Icelandic NC fish. In 
all cases, however, recovery was completed between 5-8 h. Many flatfish and other 
relatively inactive benthic species have long been considered as 'lactate non­
releasers', with low resting and peak blood lactate levels compared to salmonids and 
other pelagic fish species (Chapter 5). This difference was presumed to result from a 
differential lactate release from the white muscle tissue. As an adaptation to their 
inactive lifestyle, benthic fish retain much more lactate in the white muscle for in situ 
glycogenesis than pelagic species. As discussed in Chapter 5, a recent study by 
Milligan et al. (2000) has put the issue of differences between peak blood lactate 
levels of benthic and pelagic species into a new perspective, but the more pelagic 
lifestyle of Atlantic halibut compared to other Pleuronectidae may perhaps explain 
the higher resting levels in halibut compared to other flatfish species.
In both TT and NC fish, plasma osmolality and Cl- increased after stress, but 
no clear differences were found between the strains. The initial increase at t=2h was 
higher in NC fish and more pronounced at 12 than at 18 °C. At both temperatures 
plasma osmolality and Cl" levels were similar TT and NC fish at t=5, and remained 
elevated until t=8 h post-treatment compared to pre-stress levels. At both 
temperatures less pronounced increases were found in plasma Na+ of both TT and NC 
fish. Basal and peak levels of plasma osmolality and Na+, as well as peak levels of 
plasma Cl-, were higher than those found in turbot (Chapters 2, 4, and 5). Changes in 
plasma ion levels have been associated with impaired branchial functioning, as a 
result of stress-related structural changes in the gills (Wendelaar, 1997, see Chapter 
2). However, only minor or no stress-related (ultra)-structural changes were observed 
in the gills of halibut. The structure of gill epithelia was not notably different 
between the strains acclimated to the different temperatures and exposed to different 
stressors. The absence of these clear changes in Atlantic halibut appears to be in 
contrast with histological responses in those other species, but is in agreement with 
the observations in net-confined turbot (Chapter 2).
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A rise in plasma osmolality and ions can also be due to increased gill 
permeability caused by circulating CAs (Wendelaar Bonga, 1997, see Chapter 2). 
This might have occurred in NC fish, since the rise in plasma glucose and lactate 
levels indicate elevated CA-levels. On the other hand, the absence of lamellar 
epithelial lifting indicates a relatively minor involvement of CAs in the stress 
response (Chapters 2 and 4). Hydromineral disturbance can also result from 
hemoconcentration due to loss of plasma water that moves out of the circulation into 
the tissues (Chapter 2), and this could explain the changes in TT fish. As pointed out 
by Claireaux and Audet (2000), both hemoconcentration and CA-mediated processes 
can give mixed results, and are not always easily distinguishable. The lower 
magnitude of osmoregulatory effects at 18 °C than at 12 °C in our study might be the 
result of a faster restoration of the disturbance at the former temperature, as 
explained in Chapter 2 for net-confined turbot. The magnitude and duration of the 
osmoregulatory disturbances were far greater in halibut than in turbot, which is again 
indicative of a greater stress sensitivity of the former species.
Unlike plasma Na+ and Cl-, plasma K+ levels tended to decrease after stressor 
application in both TT and NC fish, and this phenomenon seemed to be more 
pronounced at 18 than at 12 °C. A decrease in plasma K+ after handling stress has to 
our knowledge not been reported before. Normally, no change or a increase in 
plasma K+-levels is observed in stressed fish (e.g. Milligan and Wood, 1987; Waring 
et al., 1996; Chapters 2, 4, and 5). The decrease in plasma K+ levels might be related 
to the 'freezing behavior' observed in the fish: a large supply of plasma K+-ions to 
the muscle tissue may depolarize the muscle surface membrane and lead to the 
contraction of muscle fibers (Dr. W. Scheenen, University of Nijmegen, pers. 
comm.). Certainly, both the reduction in plasma K+ and the peculiar body 
contractions seem to be displayed with a readiness unique for halibut, but more 
research will be necessary to evaluate if these two phenomena are indeed related.
Blood hematocrit levels in halibut tended to increase after stress in all 
groups, without clear differences between temperatures, stressors or strains. The 
increases were rather mild, but higher than observed in turbot after handling stress 
(Waring et al, 1996, 1997; Mugnier et al., 1998; Chapter 2). This indicates a 
relatively mild but nevertheless higher release of CAs in halibut than in turbot after 
handling stress, which is in line with the higher and more prolonged changes in 
glucose, lactate, osmolality, Na+ and Cl- in Atlantic halibut. Furthermore, resting 
hematocrit levels in turbot and halibut appear to be considerably lower than in 
salmonids, were they are usually between 35-40% (Claireaux & Audet, 2000). Our
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results may therefore reflect a species difference between salmonids on one hand, 
and turbot and halibut on the other.
Our results indicate that the response to the two stressors was due to 
activation of both the brain-pituitary-interrenal (BPI) axis and the brain-sympathetic- 
chromaffin cell (BSC) axis. Activation of the BPI-axis is indicated by the elevated 
levels of plasma cortisol and, in NC animals, by the prolonged elevation of plasma 
glucose. Plasma CAs were not directly measured in this study for reasons explained 
in Chapter 2. However, the initial elevation in plasma glucose, the prolonged 
elevations in plasma lactate, osmolality, and ions, and the slight increase in 
hematocrit are all indicative of activation of the BSC-axis, and hence release of CAs. 
In this sense halibut clearly differ from turbot, in which comparable stressors did not 
produce signs indicative of increased CA-release (Chapter 2). This might be related 
to the more pelagic lifestyle of Atlantic halibut compared to turbot. On the other 
hand, the absence of marked branchial damage is in agreement with the observations 
on turbot, and may indicate that CA release in halibut was not excessive. The 
physiological stress response of juvenile Atlantic halibut to high temperature and 
acute handling stress is fairly moderate compared to several non-flatfish species, 
although they are more sensitive to stressors than turbot. This is reflected by their 
remarkable behavioral response, which seems to be an early, reliable and sensitive 
stress-indicator for this species.
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CHAPTER 7 
Summary and General Discussion

7.1. Main conclusions
In this thesis we have examined the stress response of two marine flatfish species, 
turbot and Atlantic halibut. The rate, magnitude, and time course of the stress 
response of these two species was determined and compared under a variety of 
environmental circumstances, i.e. after exposure to different acute handling stressors 
(tank transfer, net confinement, air exposure, and enforced exercise) under different 
abiotic and biotic conditions (water temperatures, water salinities, nutritional status), 
and in fish with a different genetic background (two strains of fish). A multiple 
parameter approach was used to measure the stress response in the fish, and to 
examine whether different stress parameters were influenced differentially by the 
different stressors and modifying factors.
The following conclusions can be drawn from the results:
1. Environmental temperature (turbot and halibut). The rearing water temperature 
has a major effect on the stress response of juvenile turbot and halibut. Both species 
showed higher responses, both in rate and in magnitude, at higher water 
temperatures, possibly as a result of higher metabolic rates. However, in each species 
this was reflected by different parameters (see below). Basal or resting levels of 
stress parameters in blood and/or plasma were not influenced by the rearing 
temperature. The same conclusion can be drawn for histological parameters in the 
gills. The ability of turbot to cope with different forms of handling stress (tank 
transfer, net confinement, air exposure and enforced exercise) was not affected by 
water temperatures in the range of 10-22 °C (Chapters 2,4 and 5). The ability of 
Atlantic halibut to cope with handling stress (tank transfer and net confinement) was 
lower at 18 °C than at 12 °C (Chapter 6), although this became only clear for some of 
the parameters (see below).
2. Nutritional status (turbot). Applied feeding conditions can modify the impact of 
handling stress in juvenile turbot. A reduction in feeding ration to 35% of satiation 
levels at 16 and 22 °C lead to lower growth rates, body size and lower body energy 
stores in turbot, but this did not affect the ability to cope with handling stress (air 
exposure) at both temperatures. However, temperature and feeding rations had 
distinctive effects on the immediate stress response, with temperature dominating in 
the primary stress response, i.e. release of cortisol and regulation of the hydromineral 
balance, and ration determining parameters related to the whole body energy content, 
i.e. glucose and lactate (Chapters 3 and 4).
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3. Environmental salinity (turbot). The rearing water salinity has only a minor 
effect on the stress response of juvenile turbot. At low water temperature (10 °C), the 
stress response seemed to be almost absent in fish reared at low salinity (15%), but at 
higher temperatures this effect was not seen. Low water salinity has no effect on the 
ability of juvenile turbot to cope with handling stress (enforced exercise). Basal 
levels of stress parameters in plasma were not influenced by the rearing salinity 
(Chapter 5).
4. Genetic background: differences between strains (halibut). No differences were 
found in the stress response of geographically different strains of juvenile Atlantic 
halibut. Also, basal levels of stress parameters were similar in all strains and were not 
influenced by environmental factors (Chapter 6).
5. Difference between species. Juvenile turbot and Atlantic halibut clearly differ in 
their capacity to cope with handling stress, with turbot being much more tolerant 
than Atlantic halibut. This difference is shown in their sensitivity for a specific 
handling stressor, the number of parameters in which a response was observed, and 
the recovery time.
a) Stressor sensitivity. In juvenile turbot, rapid tank transfer hardly evokes a stress 
response, whereas net confinement, air exposure, and enforced swimming all evoke a 
moderate but qualitatively and quantitatively similar stress response. Cortisol levels 
showed only minimal effects of sampling disturbance after serial removal of turbot 
from the rearing tanks. In contrast, both tank transfer and net confinement resulted in 
a clear stress response in juvenile Atlantic halibut, but with higher responses in the 
net confined fish. Atlantic halibut is also sensitive to stress associated with sampling 
after serial removal of cohorts, as demonstrated by the highly fluctuating cortisol 
levels in this species.
b) Stress parameters. Both species responded differently with respect to the tested 
stress parameters. The most responsive stress parameters after handling for each 
species were:
-turbot: cortisol, glucose, lactate;
-Atlantic halibut: behavioral changes, glucose, lactate, osmolality, ions (Na+, K+, Cl-) 
In turbot, only minimal osmoregulatory disturbance occurred after handling, whereas 
osmoregulation was clearly affected in Atlantic halibut. Exposure to tank transfer and 
net confinement did not result in structural gill abnormalities in both juvenile turbot 
and Atlantic halibut.
c) Recovery time. In turbot, the recovery time for most parameters (i.e. the time 
necessary to return to pre-stress values) was between 2-6 h post-stressor, with an 
exception for cortisol, although also in this parameter the changes were usually
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reduced after 5-6 h. In Atlantic halibut, the changes in most parameters lasted for at 
least 5-8 h, and values were often back to pre-stress levels not earlier than t=24 h. 
This longer recovery time for Atlantic halibut is again a reflection of the higher stress 
sensitivity of this species, compared with turbot.
One of the most interesting results of the research in this thesis is the remarkable 
consistency in the stress response of turbot throughout the variety of circumstances 
that we have tested. This response is mainly due to activation of the brain-pituitary- 
interrenal axis, as indicated by the results on cortisol. Plasma catecholamine (CA) 
levels were not directly measured in our studies, since these are very sensitive to 
sampling disturbance (Barton & Iwama, 1991), and can only be measured reliably in 
cannulated fish, preferably kept under light-shielded conditions. Cannulation is also a 
stressful procedure in itself (Duthie & Tort, 1985; Tang & Boutelier, 1988; Gamperl 
et al., 1994b; McDonald & Milligan, 1997). However, the minor elevations in plasma 
glucose, lactate, osmolality and ions, and the scarcity or even total absence of marked 
branchial damage in those studies where gill histology was examined, are all 
indicative of only a mild activation of the brain-sympathetic-chromaffin cell axis, 
and hence most likely a low release of CAs. The low catecholaminergic response of 
turbot appears to be in marked contrast with the stress response of Atlantic halibut, as 
well as that of many other fish species of marine as well as freshwater origin, which 
show normally a more marked increase in the levels of CA-related parameters. This 
raises the question whether turbot is exceptional among teleost fish. To a certain 
extent this appears indeed to be the case.
Amongst fish, turbot is considered as a very advanced species with a 
remarkable homeostatic capacity (Burel et al., 1996), and a high tolerance to O2- 
deficiency (Maxime et al., 2000). Turbot are capable of maintaining high values of 
O2 tension in arterial blood, even under conditions of severe hypoxia, which they 
may frequently experience in their natural habitat (Boeuf et al., 1999; Maxime et al., 
2000). According to Perry and Bernier (1999), a depression of blood oxygen content 
below a hemoglobin saturation level of approximately 50% is the ultimate stimulus 
determining CA release, which actually only occurs under conditions of severe 
physiological impairment. Turbot are able to prevent hypoxemia through 
mechanisms such as hyperventilation, lack of metabolic depression and blood 
acidosis, and possibly cutaneous oxygen uptake (Boeuf et al., 1999; Maxime et al.,
2000). In addition, Imsland et al. (1997, 2000b) have demonstrated the existence of 
three different hemoglobin types with different O2-affinity properties in turbot. 
Hemoglobin polymorphism results in an overall higher oxygen affinity capacity, and
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this has been considered as a compensatory mechanism for low environmental 
oxygen conditions and fluctuating environmental temperatures (Samuelsen et al., 
1999; Imsland et al., 2000b). It is noteworthy to mention that at higher temperatures 
hemoglobin oxygen affinity is lower in blood of acclimated fish; consequently, the 
threshold level for CA-release is reached faster (Perry & Reid, 1994). This might 
explain, besides a higher metabolism, the generally higher plasma glucose and lactate 
responses at higher temperatures in our turbot and halibut studies.
Atlantic halibut, on the other hand, are far less tolerant to O2-deficiency than 
turbot. For example, in a preliminary stress experiment half of a population of 16 
juvenile halibuts died within two hours after 10 minutes exposure to air (van Ham & 
Kruitwagen, unpublished results). This might be related to the ecological niche of 
this species: halibut are more pelagic and inhabit more stable, deep-water 
environments than turbot. However, it should be mentioned that the presence of 
adaptation mechanisms to O2-deficiency, as found in turbot, is hardly investigated in 
Atlantic halibut. This is certainly a area of research worth to be investigated in this 
species in the future.
7.2. Comparison of the stress response with other species
In order to compare the stress response of turbot and halibut with other species, we 
have analyzed data on the stress response of many teleost species that have been 
published before in literature. An extensive comparison between species was made 
for the three most responsive parameters that we measured in this thesis, i.e. plasma 
cortisol, glucose and lactate. This is presented in Tables 7.1, 7.2, and 7.3, 
respectively. For this comparison we have selected literature in which fish were 
exposed to more or less comparable stressors as we have used in our studies. Table
7.1, presenting results on plasma cortisol, is based on earlier tables comparing 
corticosteroid stress responses between fish species published by Barton & Iwama
(1991) and Gamperl et al. (1994a), which were extended with more recent literature. 
In addition, we included important details such as the experimental rearing 
temperature, the peak and recovery time for the plasma cortisol response, and the 
nutritional status of the animals. To our knowledge such an extensive comparison of 
cortisol responses has not been published before. This is definitely true for the 
comparison of plasma glucose and lactate responses after exposure to handling 
stressors (Tables 7.2, 7.3). Despite the importance of measuring secondary stress 
parameters, as pointed out by various authors (e.g. Barton & Iwama, 1991; Reubush
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& Heath, 1997; Barton, 1997), much of the comparative research of stress 
physiology in fish is focused on measurements of plasma cortisol, whereas a 
thorough comparison of secondary stress parameters is generally lacking. An 
exception in this respect may be made for the comparative research on lactate 
metabolism of active, pelagic fish species (e.g. salmonids) versus inactive, benthic 
species (e.g. flatfish) after manual chasing to exhaustive exercise, as carried out in 
the late seventies, eighties and early nineties (e.g. Wood et al., 1977; Turner et al., 
1983a,b; Milligan & Wood, 1987c,d; Pagnotta & Milligan, 1991). However, in these 
studies it was not until recently that more emphasis was put on the fact that there is 
also a stress component involved in this procedure (Pagnotta et al., 1994; Eros & 
Milligan, 1996; Milligan et al., 2000), and comparisons of lactate metabolism after 
exhaustive exercise in relation to stress physiology have not been made yet in great 
detail.
The general picture emerging from Table 7.1 is that the cortisol response of 
turbot after handling stress is in the lower range of values measured in fish species. 
Low magnitudes and comparable recovery times have been measured also in other 
species, but in these cases often stressors of a shorter duration were used. For 
instance, Salmonidae often display cortisol levels which may rise rapidly to levels 
between 100-200 ng/ml after exposure to handling stressors with a duration ranging 
from 30 seconds to 30 minutes, and take 24 h or more to return to near-baseline 
levels. The same is true for Cyprinidae and Percichthyridae, in which cortisol levels 
may peak even higher, up to 500 ng/ml. Many other fish species also display a 
response in plasma cortisol after handling stress which is more in line with species of 
these three families than with that of turbot.
For glucose we conclude that both the basal levels and the rise in plasma 
glucose levels in flatfish after exposure to handling stressors are lower than levels 
generally reported for roundfish (Table 7.2). Basal levels of flatfish, including turbot 
and halibut, are often between 1-2.5 mmol/l, compared to levels around 3-5 mmol/l 
in roundfish. In the latter group of fish species levels after handling stress rise often 
to 6-10 mmol/l. Together with the peak and recovery times found in roundfish, this 
indicates that glycogenolysis and/or gluconeogenesis are activated to a moderate or 
high extent. For flatfish, peak levels after handling stress do generally not exceed
4 mmol/l. It should be mentioned, however, that data on plasma glucose levels in 
flatfish after handling stress are rather limited, which makes the comparison difficult. 
Interestingly, peak levels for plasma glucose in halibut are higher at higher 
temperatures than in turbot, but still lower than in many roundfish.
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For plasma lactate, it seems that basal levels in flatfish are below 1 mmol/l, 
whereas those in roundfish are more variable and often above 1 mmol/l. After 
exposure to handling stressors, plasma lactate levels remain much lower in flatfish 
than in roundfish species, and recovery times are much shorter. Plasma lactate levels 
are also very much determined by the water temperature, with generally higher 
response magnitudes and/or recovery times at higher temperatures. Lactate (and also 
glucose) responses in fish have also been suggested to vary partly with body size 
(Goolish, 1991; Dalla Via et al., 1994b; Kieffer, 2000). In salmonids, the anaerobic 
capacity generally increases with body size, and the energy stores used to support 
burst activity vary with body size, with higher muscle ATP and glycogen levels in 
larger fish (e.g. Ferguson et al., 1993; McDonald et al., 1998). However, a direct 
relationship between body size and anaerobic capacity is much less evident in 
inactive, benthic species than in active pelagic species, and this has been related to 
the level of sprint performance capacity required for an animals predator-prey 
interactions (Childress & Somero, 1990; Goolish, 1991; Kieffer et al., 1996). Plasma 
levels of anaerobic metabolites have not been measured in the abovementioned 
studies, but it seems reasonable to expect that a smaller anaerobic muscle capacity 
would also result in less lactate being released into the blood. Such a relation 
between muscle and plasma lactate levels was suggested by Kieffer et al. (2001) for 
shortnose sturgeon (Acipenser brevirostrum), whereas in net-confined carp Pottinger 
(1998) found 3-fold higher plasma lactate peaks after 1 hour in fish >500 g than in 
fish <50 g, despite a lower water temperature of 4 versus 15 °C (Table 7.3). Our 
results on turbot and halibut are in agreement with observations on anaerobic 
capacity in benthic fish species, and indicate that differences in body size modify 
plasma lactate responses in these species to a very minor extend: only in the 
experiments of Chapter 5, where large weight differences existed between groups of 
fish, we found a confounding body weight effect on the plasma lactate response in 
turbot after stress.
7.3. The stress response of turbot and halibut in an ecological context
The response of turbot after the handling stressors used in this thesis was 
characterized by activation of the brain-pituitary-interrenal axis, resulting in a 
moderate release of plasma cortisol, and only a mild activation of the brain- 
sympathetic-chromaffin cell axis, and hence probably a low release of CAs. Such a 
suppression of the brain-sympathetic-chromaffin cell axis might be related to the
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inactive, sedentary life-style of turbot, and more particularly with the passive 
behavioral pattern of bury-and-hide ' instead of a 'fight/flight' response under 
endangered circumstances. The stress response that an animal will display is 
generally determined by the individual’s appraisal of the environmental change, and 
the individual’s ability to cope with the stressor (Koolhaas & Bohus, 1988; Broom & 
Johnson, 1993). Coping strategies under stress conditions have been extensively 
examined in population studies of higher vertebrates, especially rodents (reviews by 
Bohus et al., 1987; Koolhaas & Bohus, 1988), and domesticated pigs (e.g. Hessing et 
al., 1994). From these studies it appears that upon exposure to a stressor, animals 
may show two opposing coping strategies:
(1) an active coping strategy, which is characterized in higher vertebrates by high 
locomotor activity, high activity of the sympathetic nervous system (i.e. high release 
of circulating CAs), and increases in the circulation of glucose, lipids, sex steroids, 
heart rate, cardiac output, and arterial blood pressure. This strategy corresponds with 
the 'fight/flight' response originally described by Cannon (1929).
(2) a passive coping strategy, which is characterized in higher vertebrates by 
behavioral immobility, low sympathetic activity (i.e. low release of CAs), decreased 
circulating sex steroids and decreased heart rate. This passive strategy is 
characterized by a higher activity of the brain-pituitary-adrenal axis, resulting in 
higher circulating corticosteroid levels.
From studies on hierarchic populations of several higher vertebrate species it 
became clear that active coping strategies are more often displayed by aggressive 
and/or dominant and subdominant individuals within a population. This strategy 
seems to be of benefit in a socially stable environment. The passive coping strategy 
ismore often displayed by non-aggressive and/or subordinate individuals in a 
population, and has advantages in changing environments, for instance during 
migration. Both strategies normally represent extremes in a population that contains 
many individuals with intermediate behavioral patterns (Koolhaas, 1994).
Individual differences in behavioral concepts and neuro-endocrine activation 
were also observed by van Raaij et al. (1996) in rainbow trout exposed to severe 
hypoxia, and these differences showed great similarity with the active and passive 
coping strategies in higher vertebrates. In that study, the behavioral strategy of 
individual rainbow trout was highly related to survival. Fish that died during the 
recovery phase displayed strenuous avoidance behavior with burst type activity 
during the preceding period of hypoxia, whereas surviving fish remained calm. At 
the physiological level, non-surviving fish had 4-5 times higher levels of plasma CAs 
and lactate, as well as severely increased plasma K+-levels, compared to surviving
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fish. In the latter group there was an tendency of higher cortisol levels. Similar 
results were obtained by Vianen (1999) in a comparative study on rainbow trout and 
common carp exposed to severe hypoxia. This study revealed an interesting inter­
species difference: common carp appeared to be more hypoxia-tolerant than rainbow 
trout, and responded more often to hypoxia-exposure with a passive coping strategy 
and displayed less pronounced individual differences and lower mortalities than 
rainbow trout. The results of Vianen (1999) on carp are also very interesting from an 
ecological point of view: they indicate that a population of a given species can 
respond quite uniformly with a certain coping strategy.
A suppression of the adrenocortical response to stress has also been observed 
in bird species breeding in severe environments (deserts, Arctic and Antarctic) 
compared to species or populations breeding in more stable and benign environments 
(Wingfield et al., 1992; Silverin & Wingfield, 1996; Silverin et al., 1997). Such a 
suppression of the adrenocortical stress response is thought to be of adaptive value to 
birds in environments with frequent perturbations, such as heavy weather conditions, 
in which a high stress sensitivity and accordingly high fluctuating corticosteroids 
would jeopardize reproductive success (O'Reilly & Wingfield, 2001). There are also 
some studies on fish, which point to the importance of ecological factors in stress 
physiology. An example is the study by Milligan et al. (2000), in which rainbow 
trout allowed to swim at low velocities after exhaustive exercise were compared with 
individuals kept in still water for recovery: the former fish recovered much faster and 
did not display a corticosteroid stress response, in contrast with the latter fish.
From the above it becomes clear that a stress response may be related to the 
ecological niche of the animals concerned. We postulate that also the difference in 
the response to handling stressors between turbot and halibut, as observed in this 
thesis, can be explained by ecological factors. A low activity of the brain- 
sympathetic-chromaffin cell axis, as observed in stressed turbot, might be 
advantageous for a sit-and-wait predator with an inactive, sedentary life-style. The 
strategy of hiding, burrowing, immobility and camouflage may reflect a passive 
coping strategy under endangered circumstances, and corresponds indeed with a low 
activation of the brain-sympathetic-chromaffin cell axis. Turbot is a widely 
distributed species inhabiting coastal habitats with variable temperature, salinity and 
oxygen conditions. The capacity to maintain high O2 tension in arterial blood is 
thought to be of adaptive value to survive changeable environmental conditions, and 
prevents rapid release of CAs. Our results demonstrate that turbot react very 
uniformly with a (passive) coping strategy after exposure to several different 
stressors.
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Halibut, on the other hand, reacts much more pronounced to stressors than 
turbot. The intensity of the stress response of this species is closer to what is often 
seen in salmonids and other roundfish, and involves both the BSC and the BPI axis. 
However, this species has a good swimming capacity and shows aggressive active 
hunting behavior, and when this is taken into account the differences between turbot 
and halibut becomes less of a surprise. The partly pelagic lifestyle of Atlantic halibut 
seems to be reflected in their stress response: aggression is linked with higher 
circulating CA levels, and high levels seem to be present as judged from the 
increases in glucose, lactate, and ions after handling stress. The increases in glucose 
and lactate are lower than what is usually seen in roundfish, which indicates that in 
this respect halibut has a position in between turbot and roundfish. (Tables 7.2, 7.3).
7.4. Consequences for the aquaculture of turbot and halibut
Part of the research in this thesis are results from the EU-project FAIR CT97-3544, 
titled: 'A multidisciplinary evaluation and optimization of the production 
characteristics of different strains of commercially cultured flatfish.’ The overall 
objective of this project was to define the importance of temperature and salinity on 
growth performance, immune competence, stress resistance, and physiological 
adaptation of juvenile turbot and Atlantic halibut of different genetic background, in 
order to improve the aquaculture production of these species. The Department of 
Fisheries and Marine Biology of the University of Bergen was responsible for the 
growth measurements, whereas the Aquaculture Development Center at the 
University College of Cork investigated the immune competence of the fish.
With respect to the growth an immunology experiments performed on turbot 
and halibut, the following conclusions were drawn from this project:
• Temperature has a great impact on primary production performance (growth, FCE) 
of halibut and turbot, explaining 80% of the observed variation production 
characteristics in the former species, and 85-90% of this in the latter species.
• Salinity influences production characteristics of turbot both directly and in 
interaction with temperature. Overall, rearing fish at intermediate salinities can 
enhance growth with 10-13% and increase FCE by 5-8%.
• A temperature range of 14-18 °C and water salinity between 15 and 25% are 
optimal for non-specific immunity of juvenile turbot.
• Food conversion efficiency, protein efficiency ratio, food intake, excretion, and 
active metabolism vary among different populations of juvenile Atlantic halibut.
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• The populations of halibut investigated (Norwegian and Icelandic, as well as 
Canadian) exhibit differences in immune activity: the Norwegian population 
appeared to be more resistant to disease and more immuno-competent than the other 
strains, as judged from several physiological immune parameters measured 
throughout the experimental temperature range.
With respect to the stress physiology in aquaculture of these two species, it 
can be concluded that turbot reared in the optimal temperature range for growth will 
display moderate but higher stress responses to routine management practices than 
fish reared at lower temperatures. The results on halibut demonstrate that a 
management strategy directed towards reduction of stressful stimuli is more 
important in that species than in turbot. Avoidance of stress for halibut under 
aquaculture conditions should be implemented according to what is in practice for 
salmonids and other stress-sensitive species. Nevertheless, even under optimal 
growth temperature conditions (12-15 °C) moderate-to-high stress responses are to 
be expected for this species. Higher stress responsiveness is considered to be 
disadvantageous for fish under aquaculture conditions, as the animals more readily 
suffer from effects of frequently elevated cortisol levels, such as reduced growth, 
reproductive failure, and lower disease resistance (Pottinger et al., 1994; Pottinger & 
Pickering, 1997). However, a stress response has essentially an adaptive value for an 
animal under natural conditions, and then higher short-term stress responsiveness 
might reflect a higher and overall beneficial adaptive capacity. For instance, 
Pottinger and Carrick (1999a) found that high cortisol and glucose responding 
individuals of rainbow trout had a better growth capacity than low-responding 
individuals. Given the fact that higher adaptive responses in our studies on turbot 
were generally found at temperatures between 18 and 22 °C, which is within the high 
optimal temperature for growth reported by Imsland et al. (2000), we conclude that 
the higher responsiveness of turbot at higher temperatures indeed reflects a higher 
overall adaptive capacity. For halibut reared at 18 °C this is, however, not the case; 
the reduced ability to cope with the applied handling stressors at this temperature is a 
clear indication that this temperature is beyond the preferred temperature range for 
this cold-water adapted species.
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Table 7.1. Plasma cortisol concentrations (means ± S.E. in ng.ml"1) in various fish species at rest and following exposure to comparable 
handling stressors as used in this thesis (handling + confinement, air exposure and exhaustive exercise). Stress levels represent the maximum 
post-stress values measured at peak time. The recovery time is the time when levels were no longer significantly different from resting levels, 
although in some studies levels remained elevated for a longer period. In the selected references, fish were not fed 24 h prior to the onset of 
the experiments, unless otherwise indicated. All measurements were performed with Radio-Immuno-Assays, except for reference* which 
were measured with a competitive protein binding assay. Several of the values in this table were estimated from figures in the original 
publications, and in some cases converted from molar values. n.s. = not significant
Species Type of stress Cortisol level 
Rest Stress
Peak time Recovery Comments 
time
Reference
Salmonidae
Oncorhynchus 30 min net transfer + 5.4 ±1.1 100 ±17.1 l h
mykiss
not
O. mykiss 
O. mykiss
determined
11 ±3 125 ±20 0.5-2 h > 24 h
confinement at 10 °C 
(). mykiss 3 min handling at
6-8 °C
4 h net confinement at 1.9 ±0.4 43.4 ±7.9 directly after >48h
stress16 °C
10 s air exposure + 30 28.6 ± 11.4 253 ±28 directly after not
min confinement at 9
°C
(). mykiss 30 s air exposure,
recovery at 11.5-13 °C
stress determined
5-10 63 ±5 3h > 24 h
Sumpter et al.
(1986)
Vijayan & Moon 
(1992)
Ruane et al.
(1999)
Benfey & Biron
(2000)
Barton et al.
(1987)
Species Type of stress Cortisol level
Rest Stress
O. mykiss
O. mykiss
O. mykiss
Salmo salar
S. salar
Salmo trutta
S. trutta
S. trutta
5 min exhaustive 75 ± 20
exercise by chasing at 
13-15 °C
5 min exhaustive ~20
exercise by chasing at 
11-13 °C
5 min exhaustive ~20
exercise by chasing at
11-15 °C
9 min individual net 16.3
confinement at 11 °C
2 h confinement at < 20
12-13 °C
net transfer + 1 h ~2
confinement at 6 °C 
handling + confinement ~1 
at 5 °C
handling + confinement ~4 
at 13.4 °C
130-190
125 ± 10
-20
160-180
-90 ± 10 
140 ± 20 
150 
-350
Peak time Recovery Comments Reference
time
0-2 h
2-4 h
0-6 h
lh
directly 
after stress 
lh
lh
lh
4 h, elevated Cannulated fish, 
levels for not fed for 5 
>12h priory days 
> 6h Cannulated fish 
kept in still water 
to recover 
no significant Cannulated fish 
increase swum at 0.9 BLs"1 
to recover 
48 h Cannulated fish, 
not fed for 7 
priory days
6 h
24 h
not
determined
not
determined
Pagnotta et al. 
(1994)
Milligan et al. 
(2000)
Milligan et al. 
(2000)
Waring et al.
(1992)
Sadler et al. 
(2000)
Pickering & 
Pottinger (1987) 
Sumpter et al. 
(1985)
Sumpter et al.
(1985)
Species Type of stress Cortisol level
Rest Stress
S. trutta handling + 1 h 
confinement at 8.5 °C
-13
Oncorhynchus 30 s air exposure, 61
tshawytsha recovery at 11-13 °C
0. tshawytsha 30 s air exposure, 
recovery at 7.5 °C
-5
0. tshawytsha 30 s air exposure, 
recovery at 21 °C
-5
Oncorhynchus. 30 min net transfer + 6.6 ± 1.1
kisutch confinement at 9 °C
Oncorhynchus. 45 s air exposure, -10
clarki recovery at 12.1 °C
Salvelinus 5 min confinement at -20
fontinalis 11-13 °C
S. fontinalis 10 s air exposure + 40 
min confinement at 9
°C
7.0 ± 1.6
Other SDCcics
Hemitrepterus 1 min air exposure + 1 36.4 ±6.1
Americanus min chasing at 10 °C
-70 
182 
190 ± 5  
225 ± 10 
221.4 ±26 
116 ± 11.2 
130 ±20 
112.3 ±6.7
230 ±30
Peak time Recovery Comments Reference
time
lh  > 8 h Measured in male Pickering et al.
fish (1987)
1 h 6 h Barton et al.
(1986)
1 h 24 h Barton & Schreck
(1987)
1 h 12 h Barton & Schreck
(1987)
0.5 h not Sumpter et al.
determined (1986)
1 h 48 h Fish not fed for 48 Ackerman et al.
priory hours (2000)
50 min 2 h Biron & Benfey
(1994)
directly after not Benfey & Biron
stress determined (2000)
4 h 24 h Vijayan & Moon 
(1994)
Species Type of stress Cortisol level
Rest Stress
Rutilus rutilus
R. rutilus
Morone
saxatilis
M. saxatilis
M. saxatilis
M. saxatilis x 
M. americana 
hybrid 
Scorpus 
violaceus 
S. violaceus
5 min confinement at
5 °C
5 min confinement at 
15 °C
12 min confinement at 
10 °C
12 min confinement at 
25 °C
45 min net confinement 
at 20 ± 1.5 °C 
45 min net confinement 
at 20 ± 1.5 °C
60 min confinement at 
13-15 °C
30 min confinement at 
19-21 °C
8.1 ±1.1 400
1.4 ±0.5 700
5.5 ±1.4 -25
47.4 ± 20.7 -450
3 ± 1.1 742 ±16
12 ±0.4 490 ±14
38.3 ±9.7 276 ±27
19.6 ±4.3 -230 ±30
Peak time Recovery Comments Reference
time
1 h 48 h
1 h 4 h
directly < 6 h 
after stress
directly after > 48 h 
stress
directly after > 48 h 
stress
directly after 24 h 
stress
directly after not
stress determined
directly after not
stress determined
Pottinger et al.
(1999)
Pottinger et al.
(1999)
Fish not fed for at Davis & Parker 
least 14 priory (1990) 
days
Fish not fed for at Davis & Parker 
least 14 priory (1990) 
days
Noga et al. 
(1994)
Noga et al. 
(1994)
Pankhurst et al. 
(1992)
Pankhurst et al.
(1992)
Species Type of stress Cortisol level
Rest Stress
Ictalurus 30 min severe -50
punctatus confinement at 10 °C
I. punctatus 30 min severe -25
confinement at 20 °C
I. punctatus 6 h net confinement at 25-29
10 °C
I. punctatus 6 h net confinement at 5-9
20 °C
Pagrus pagrus 8 min net handling at 5 ± 3
16-17 °C
Sparus auratus 3 min air exposure at -9
18-22 °C
Macquaria 30 min net confinement 4-7
ambìgua at 20 °C
Oreochromus 30 min confinement at < 10
mossambicus 27 °C
0. mossambicus 2 h confinement at -25
23-25 °C
Polydon 30 s air exposure, 2.2 ±0.(
spathula recovery at 16 °C
-50 
-100  
20-25 
-100  
55 + 10 
—490± 72.5 
240 ± 30 
130 ± 10 
- 120±  10 
11 ± 1.8
Peak time Recovery Comments Reference
time
directly after not
stress determined
directly after not
stress determined
directly after no significant
stress increase
directly after 3 h 
stress
2 h 24 h
30 min 2 h
directly after not
stress determined 
directly after not
stress determined 
directly after not
stress determined
1 h 3 h
Strange (1978)
Strange (1978)*
Davis et al. 
(1984)*
Davis et al. 
(1984)*
Rotllant & Tort
(1997)
Arends et al.
(1999)
Carragher & Rees 
(1994)
Foo & Lam
(1993)
Vijayan et al.
(1997)
Barton et al.
(1998)
Species Type of stress Cortisol level
Rest Stress
P. spathula 1 h continuous chasing 0.2 ± 0.1 
at 13 °C
Micropterus 30 min net confinement 16 ±1.8
salmoides at 21 °C
Sciaenops 30 min handling + <0.5
ocellatus confinement at
25-26 °C
S. ocellatus 2 min air exposure, ~5
recovery at 24-27.5 °C
Cyprinidae
Cyprinus carpio 30 min net confinement 10 ± 0.8 
at 21 °C
C. carpio 5 min netting + 9 ± 3
confinement at 4 °C
C. carpio 5 min netting + ~50
confinement at 15 °C
C. carpio 3 h net confinement at 40-60
25 °C
14 ±4.8 
187 ±20.7 
250 ± 20
115 ± 25
583 ±59.4 
271 ±31 
435 ±52 
320 ± 40
Peak time Recovery Comments Reference
time
directly after 
stress 
directly after 
stress 
1 h
15 min
directly after 
stress 
4 h
1 h
directly after 
stress
5 h Barton et al.
(1998)
not Davis & Parker
determined (1986)
3 h Robertson et al.
(1987)
1 h Thomas &
Robertson (1991)
not Davis & Parker
determined (1986)
24 h Mean weight fish Pottinger (1998)
> 500 g
24 h Mean weight fish Pottinger (1998) 
10-50 g
1 h levels > 250 ng/ml Ruane et al.
after 0.5 h stress (2001)
Species Type of stress Cortisol level
Rest Stress
Leuciscus
cephalus
Flatfish
Scophthalmus 
maximus 
S. maximus
S. maximus
S. maximus
S. maximus
netting + 5 min 110 ± 35
confinement at 10-16
°C
immediate tank transfer 7.8 ± 2.8 
at 10 °C
immediate tank transfer 11.8 ± 5.1 
at 19 °C
tank transfer + 25 min 7.8 ±2.8 
net confinement at 
10 °C
tank transfer + 25 min 11.8 ±5.1 
net confinement at
19 °C
20 min air exposure, 12.4 ±4.8 
recovery at 16 °C
1408± 154
22.2 ±2.9
70.6 ± 12.1
55.4 ± 16.4
72.6 ±20.4
63.5 ±3.3
Peak time Recovery Comments Reference
time
1 h
2 h 
0.5 h 
2 h
0.5 h
0.45 h
24 h
no significant 
increase 
2 h
6 h 
levels were 
n.s. elevated 
until 24h
6 h 
levels were 
n.s. elevated 
until 10h
3.5 h fish fed to
satiation until 24h 
before onset of the 
experiment
Pottinger et al. 
(2000)
Chapter 2 of this 
thesis
Chapter 2 of this 
thesis
Chapter 2 of this 
thesis
Chapter 2 of this 
thesis
Chapter 4 of this 
thesis
Species Type of stress Cortisol level
Rest Stress
S. maximus
S. maximus
S. maximus
S. maximus
S. maximus
S. maximus
S. maximus
20 min air exposure, 18.2 ±6.3 
recovery at 22 °C
10 min exhaustive 12.6 ± 2.0
exercise at 10 °C
10 min exhaustive 14.1 ± 6.6
exercise at 18 °C
10 min exhaustive 7.8 ±3.9
exercise at 22 °C
10 min net confinement 3.7 ± 0.5 
at 20 °C
9 min individual net 5-10
confinement at 11 °C
9 min individual net 5-10
confinement at 11 °C
50.9 ±7.1
43.1 ±3.9 
45.0 ± 16.0
64.7 ±6.2
58.8 ± 11.1 
70 ± 10
70 ± 10
Peak time Recovery Comments Reference
time
0.45 h
2 h 
0.5-2 h 
0.5 h 
1 h 
1 h
1 h
3.5 h
24 h
5-24 h
2 h
not 
determined 
24 h
24 h
fish fed to 
satiation until 24 h 
before onset of the 
experiment 
fish kept at full 
salinity eawater 
fish kept at full 
salinity eawater 
fish kept at full 
salinity eawater
Chapter 4 of this 
thesis
Cannulated fish, 
not fed for 7-10 
priory days 
Cannulated fish, 
not fed for 7-10 
priory days
Chapter 5 of this 
thesis
Chapter 5 of this 
thesis
Chapter 5 of this 
thesis
Irwin et al. (1999)
Waring et al.
(1996)
Waring et al.
(1996)
Species Type of stress Cortisol level
Rest Stress
S. maximus 9 min individual air 
exposure, recovery at 
11 °C
5-10 70 ± 10
S. maximus
Platichthys
flesus
4 min air exposure after 5-10 
rearing at 12 °C
9 min individual net 10.4
confinement at 11 °C
no
immediate 
increase 
± 100
Platichthys
stellatus
Rhombosolea 
tapirina 
Hippoglossus 
hippoglossus 
Icelandic strain
6 min exhaustive 102 ± 35 200 ±70
exercise by chasing at sample from
9-10 °C transferred
fish
30 min exhaustive < 2  22 ± 4
exercise at 15-17 °C
immediate tank transfer 116.2 ±21.3 137.6 ±13.8 
at 12 °C
Peak time Recovery Comments Reference
time
1 h 5 h Cannulated fish,
levels were not fed for 7-10 
n.s. elevated priory days 
until t=8 
not 
determined
1-8 h 24 h Cannulated fish,
not fed for 7 
priory days
1 h 24 h Cannulated fish,
not fed for 3-5 
priory days
3 h > 12 h
2 h 5 h High fluctuations
from sampling 
disturbance
Waring et al.
(1996)
Mugnier et al.
(1998)
Waring et al. 
(1992)
Milligan & Wood
(1987)
Barnet & 
Pankhurst (1998) 
Chapter 6 of this 
thesis
Species Type of stress Cortisol level Peak time Recovery Comments Reference
Rest Stress time
H. hippoglossus immediate tank transfer 127.6 + 25.1 137.4 + 25.4 24 h High fluctuations Chapter 6 of this
Icelandic strain at 18 °C from sampling 
disturbance
thesis
H. hippoglossus tank transfer +30 min 116.2 + 21.3 162.1 +63.4 2 h 5 h High fluctuations Chapter 6 of this
Icelandic strain net confinement at 
12 °C
from sampling 
disturbance
thesis
H. hippoglossus tank transfer +30 min 127.6 + 25.1 139.8 + 33.9 8 h High fluctuations Chapter 6 of this
Icelandic strain net confinement at 
18 °C
from sampling 
disturbance
thesis
Table 7.2. Plasma glucose concentrations (means ± S.E. in mmol.l"1) in various fish species at rest and following exposure to comparable 
handling stressors as used in this thesis (handling + confinement, air exposure and exhaustive exercise). Stress levels represent the maximum 
post-stress values measured at peak time. The recovery time is the time when levels were no longer significantly different from resting levels. 
In the selected references, fish were not fed 24 h prior to the onset of the experiments, unless otherwise indicated. Several of the values in this 
table were estimated from figures in the original publications, and/or converted from molar values.
Species Type of stress Glucose level Peak time Recovery Comments
Rest Stress time
Reference
Salmonidae
Oncorhynchus 30 s air exposure, 3.9 “6.1 ± 0.6 3-6 h
mykiss 
O. mykiss
O. mykiss
O. mykiss
O. mykiss
recovery at 11.5-13 °C
3 min handling at 6-8 °C 3.7 ±0.3 5.1 ±0.4  2-8 h
4 h net confinement at 
16 °C
> 24 h
24 h
48 h3.7 ±0.2 7.7 ± 0.4 directly after
stress
10 s air exposure + 30 8.37 ± 0.66 9.22 ± 1.05 directly after not
stress determined 
1 h not Cannulated fish
holding the tail at determined
11-13 °C
min confinement at 9 °C
3 min violent exercise by 0.4 ± 0.2 1.3 ± 0.5
Barton et al. 
(1987)
Vijayan & Moon 
1992)
Ruane et al.
(1999)
Benfey & Biron
(2000)
Ristori &
Laurent (1985)
Species Type of stress Glucose level
Rest Stress
O. mykiss
O. mykiss
O. mykiss
Oncorhynchus 
tshawytsha 
O. tshawytsha
O. tshawytsha
Oncorhynchus
clarki
5 min exhaustive 
exercise by manual 
chasing at 
6-10 °C
5 min exhaustive 
exercise by manual 
chasing at 
13-15 °C
5 min exhaustive 
exercise by chasing at 
13-15 °C 
30 s air exposure, 
recovery at 11-13 °C 
30 s air exposure, 
recovery at 7.5 °C 
30 s air exposure, 
recovery at 21 °C 
45 s air exposure, 
recovery at 12.4 °C
4 ±0.5 
2.7 ±0.2
-3.0 ±0.8
-3.3
3.6 ±0.3
4.3 ±0.1 
-5.6
6 ± 2
7.0 ± 1.0
4.5 ± 1.0
-4.4
4.4 ±0.1
6.1 ± 0.1
12.4 ±0.4
Peak time Recovery Comments Reference
time
4-6 h 
2 h
8 h
3 h 
6 h 
6 h 
3 h
8 h Cannulated fish, not Pagnotta &
fed for 5 priory Milligan (1991) 
days
> 8 h Cannulated fish Milligan &
Girard (1993)
no Cannulated fish, not Pagnotta et al. 
significant fed for 5 priory (1994) 
increase days 
12 h Barton et al.
(1986)
12 h Barton &
Schreck (1987)
24 h Barton &
Schreck (1987) 
48 h Fish not fed for 48 Ackerman et al. 
priory hours (2000)
Species Type of stress Glucose level
Rest Stress
Salmo salar 9 min individual net 4.1
confinement at 11 °C
Salvelinus 5 min confinement at 6.5-7.0
fontinalis 11-13 °C
S. fontinalis 10 s air exposure + 40 5.7 ± 0.3 
min confinement at 9 °C
Other species
Mor one 12 min confinement at 5.7 ± 0.3
saxatilis 10 °C
M. saxatilis 12 min confinement at 3.9 ±0.2
25 °C
Esox lucius 3x 30s air exposure 4.3 ± 0.7
followed by 30s water 
submersion at 19 °C
Pagrus pagrus 8 min net handling at 3.3 ± 0.3 
16-17 °C
Sparus 3 min air exposure at ~3.5
auratus 18-22 °C
6.1
9.3 ±0.7
7.4 ±0.2
- 11.1
-6.9 
11 ±3
7.8 ±0.7 
5-6.5
Peak time Recovery Comments Reference
time
3h
2 h
directly after 
stress
48 h
directly after 
stress
2 h
2 h 
0.5-2 h
24 h
not
determined
not
determined
> 48 h
24 h
6 h
24 h
12 h
Cannulated fish, not Waring et al. 
fed for 7 priory ( 1992) 
days
Biron & Benfey 
(1994)
Benfey & Biron
(2000)
Fish not fed for at Davis & Parker 
least 14 priory days (1990)
Fish not fed for at Davis & Parker 
least 14 priory days (1990) 
Cannulated fish Schwalme & 
Mackay (1985)
Rotllant & Tort 
(1997)
Arends et al.
(1999)
Species Type of stress Glucose level
Rest Stress
Oreochromis
mossambicus
Hemitrepterus
americanus
Macquaria
ambìgua
Sciaenops
ocellatus
S. ocellatus
Cyprinidae
Cyprinus 
carpio 
C. carpio
C. carpio
Leuciscus 
cephalus 
Flatfish
2 h confinement at ~3.5
23-25 °C
1 min air exposure + 1 0.9 
min chasing at 10 °C
30 min net confinement 3.3 ± 0.2 
at 20 °C
30 min handling + ~2.8
confinement at 25-26 °C
2 min air exposure, ~2.2 
recovery at 24-27 °C
5 min netting + ~6.5 ± 1.5
confinement at 4 °C 
5 min netting + ~3
confinement at 15 °C
3 h net confinement at 2 ± 0.1
25 °C
netting+ 5 min 3.0 ±0.3
confinement at 10-16 °C
~ 11±  1 
3.7 ± 1 
4.1 ±0.2 
13.9 ±0.6 
-6.7
7-7.5 
~6 
7 ± 1 
7-8
Peak time Recovery Comments Reference
time
directly after 
stress
2-4 h
directly after 
stress
1 h
0.5-2 h
4 h
1 h
4 h
1 h
not 
determined
> 24 h
not 
determined 
24 h
not
determined
increase not Mean fish weight > 
significant 500 g
4h Mean weight fish 
increase n.s. 10-50 g 
22 h
4-24 h
Vijayan et al.
(1997)
Vijayan & Moon 
(1994)
Carragher & 
Rees (1994) 
Robertson et al.
(1987)
Thomas & 
Robertson (1991)
Pottinger (1998)
Pottinger (1998)
Ruane et al.
(2001)
Pottinger et al. 
(2000)
Species Type of stress Glucose level
Rest Stress
Platichthys
flesus
Scophthalmus 
maximus 
S. maximus
S. maximus
S. maximus
S. maximus 
S. maximus 
S. maximus
9 min individual net 
confinement at 11 °C
tank transfer + 25 min 
net confinement at 10 °C 
tank transfer + 25 min 
net confinement at
19 °C
20 min air exposure, 
recovery at 16 °C
20 min air exposure, 
recovery at 22 °C
10 min exhaustive 
exercise at 10 °C 
10 min exhaustive 
exercise at 18 °C 
10 min exhaustive 
exercise at 22 °C
0.8 1.1
1.5 ±0.1 2.2 ±0.2
1.7 ±0.1 2.7 ±0.2
2.0 ±0.1 3.5 ±0.3
2.1 ±0.2 4.0 ±0.5
2.2 ±0.3 3.7 ±0.2
2.5 ±0.2 3.2 ±0.3 
2.35 ±0.1 3.93 ±0.4
Peak time Recovery Comments Reference
time
1-6 h
6 h 
2 h
0.45 h
0.45 h
2 h 
0.5 h 
0.5 h
8 h
increase not 
significant
10 h
7h
7h
5 h 
5 h 
5 h
Cannulated fish, not Waring et al. 
fed for 7 priory ( 1992) 
days
Chapter 2 of 
this thesis 
Chapter 2 of 
this thesis
fish fed to satiation 
until 24 h prior of 
the experiment 
fish fed to satiation 
until 24 h prior of 
the experiment 
fish kept at full 
salinity seawater 
fish kept at full 
salinity seawater 
fish kept at full 
salinity seawater
Chapter 4 of 
this thesis
Chapter 4 of 
this thesis
Chapter 5 of 
this thesis 
Chapter 5 of 
this thesis 
Chapter 5 of 
this thesis
Species Type of stress Glucose level
Rest Stress
S. maximus 9 min individual net 0.9 ± 0.03
confinement at 11 °C
S. maximus 9 min individual air 0.9 ± 0.03
exposure, recovery at
11 °C
Platichthys 10 min exhaustive 1.2 ±0.1
stellatus exercise by manual 
chasing at 10-12 °C 
Pseudopleuron 10 min exhaustive -0.5
ectes exercise by manual
americanus chasing at 6-10 °C 
P. americanus 10 min exhaustive 0.4 ± 0.4
exercise by manual 
chasing at 12-14 °C 
Hippoglossus immediate tank transfer 1.5 ±0.08 
hippoglossus at 12 °C 
Icelandic 
strain
1.3 ±0.06
1.2 ±0.06
2.0 ±0.3
- 1.0
1.1 ±0.3
1.7 ±0.2
Peak time Recovery Comments Reference
time
3-5 h Elevation Cannulated fish, not Waring et al.
was not fed for 7-10 priory (1996)
significant days
3 h Elevation Cannulated fish, not Waring et al.
was not fed for 7-10 priory (1996)
significant days
0.5-2 h 12 h Measured in blood Milligan &
of cannulated fish Wood (1987a,b)
2 h 4 h Cannulated fish, not Pagnotta &
fed for 5 priory Milligan (1991) 
days
2 h 4 h Cannulated fish Girard &
Milligan (1992)
5 h Elevation Chapter 6 of
was not this thesis
significant
Species Type of stress Glucose level 
Rest Stress
Peak time Recovery Comments 
time
Reference
H.
hippoglossus
Icelandic
strain
immediate tank transfer 
at 18 °C
1.7 ±0.2 3.2 ±0.3 2 h 8 h Chapter 6 of 
this thesis
H.
hippoglossus
Icelandic
strain
tank transfer +30 min 
net confinement at 
12 °C.
1.5 + 0.08 4.1 ±0.8 2-5 h 8 h Chapter 6 of 
this thesis
H.
hippoglossus
Icelandic
strain
tank transfer +30 min 
net confinement at 
18 °C.
1.7 ±0.2 6.4 ± 1.0 5 h 24 h Chapter 6 of 
this thesis
Table 7.3. Plasma lactate concentrations (means ± S.E. in mmol.l"1) in various fish species at rest and following exposure to comparable 
handling stressors as used in this thesis (handling + confinement, air exposure and exhaustive exercise). Stress levels represent the maximum 
post-stress values measured at peak time. The recovery time is the time when levels were no longer significantly different from resting levels. 
In the selected references, fish were not fed 24 h prior to the onset of the experiments, unless otherwise indicated. Several of the values in this 
table were estimated from figures in the original publications, and/or converted from molar values.
Species Type of stress Lactate level Peak time Recovery Comments 
Rest Stress time
Reference
Salmonidae
Oncorhynchus 3 min handling at 6-8 °C 1.5 ±0.1 8.0 ±1.0 2 h  4 h
mykiss
O. mykiss 5 min exhaustive exercise ~2 9.7 ± 1.9 2 h  8 h
by manual chasing at 
6-10 °C
O. mykiss 5 min exhaustive exercise 0.8 ± 0.2 16.5 ± 2.7 2-4 h 
by manual chasing at 
13-15 °C
O. mykiss 5 min exhaustive exercise 0.4 ±0.1 ~4 l h  ± 8 h
by manual chasing at 5 °C 
O. mykiss 5 min exhaustive exercise 0.4 ±0.2 —12.5 ± 1.0 l h  ± 8 h
by manual chasing at 18
°C
Vijayan & Moon 
(1992)
Cannulated fish, not Pagnotta & 
fed for 5 priory days Milligan (1991)
> 8 h Cannulated fish Milligan & Girard
(1993)
Cannulated fish not Kieffer et al.
fed for 5 priory days (1994)
Cannulated fish not Kieffer et al.
fed for 5 priory days (1994)
Species Type of stress Lactate level
Rest Stress
O. mykiss 
O. mykiss
O. mykiss
Salmo salar
S. salar
S. salar
S. salar
5 min exhaustive exercise ~1 
by chasing at 13-15 °C 
5 min exhaustive exercise ~1 
by chasing at 11-13 °C
5 min exhaustive exercise ~1 
by chasing at 11-15 °C
9 min individual net 1.0 
confinement at 11 °C
2 h confinement at 1.9 ± 0.1
12-13 °C
10 min exhaustive exercise ~1 
by manual chasing at
18 °C
6 min exhaustive exercise < 1 
by manual chasing at 23
°C
10.5 ±2.0 
13 ± 1
5
2.5 ±0.3
3.5 ±0.2 
26.3 ±0.5
10.5 ± 1
Peak time Recovery Comments Reference
time
2 h 12 h
2 h > 6h
1 h 2-4 h
1 h 24 h
6 h 24 h
2 h > 8 h
l h  4 h
Cannulated fish, not 
fed for 5 priory days 
Measurements in 
blood of cannulated 
fish kept in still 
water to recover 
Cannulated fish that 
swum at 0.9 BLs"1 to 
recover
Cannulated fish, not 
fed for 7 priory days
Cannulated wild' 
fish not fed for at 
least 1 priory week 
Fish not fed for 3-5 
priory weeks
Pagnotta et al. 
(1994)
Milligan et al.
(2000)
Milligan et al.
(2000)
Waring et al. 
(1992)
Sadler et al.
(2000)
Tuftsetal. (1991)
Wilkie et al.
(1997)
Species Type of stress Lactate level
Rest Stress
Oncorhynchus 30 s air exposure, recovery 2.8 ± 0.3
tshawytsha at 11-13 °C 
Other species
Esox lucius 3x 30s air exposure + 30s < 1 
water submersion at 19 °C
Sparus 3 min air exposure at ~1
auratus 18-22 °C
Oreochromis 2 h confinement at ~3.5
mossambicus 23-25 °C
Hemitrepterus 1 min air exposure + 1 min 0.2 ± 0.05
americanus chasing at 10 °C
Macquaria 30 min net confinement at 1.7±0.3
ambìgua 20 °C
Polydon 30 s air exposure, recovery 2.9 ± 0.3
spathula at 16 °C
P. spathula 1 h continuous chasing at 2.1 ± 0.4
13 °C
Cyprinidae
Cyprinus 5 min netting + 3.0 ±0.2
carpio confinement at 4 °C
5.6 ±0.6
15 ± 2
2.7 ±0.3 
-9.5 ± 2 
1.1 ± 0.1 
4.2 ± 1.0
5.8 ±0.5 
7.4 ±0.4
15.5 ±2.9
Peak time Recovery Comments Reference
time
0.5 h 6 h Barton et al.
(1986)
1-2 h 12 h Cannulated fish Schwalme &
0.5 h 4 h
directly N.D. 
after stress
2 h 24 h
directly N.D. 
after stress
3 h 24 h
3 h 24 h
Mackay (1985) 
Arends et al.
(1999)
Vijayan et al.
(1997)
Vijayan & Moon 
(1994)
Carragher & Rees 
(1994)
Barton et al.
(1998)
Barton et al.
(1998)
l h  24 h Mean weight fish > Pottinger (1998)
500 g
Species Type of stress Lactate level
Rest Stress
C. carpio
Leuciscus
cephalus
Flatfish
Platichthys
flesus
Scophthalmus 
maximus 
S. maximus
S. maximus 
S. maximus 
S. maximus
5 min netting + 4.1 ± 0.3 
confinement at 1 °C
netting + 5 min 3.7 ± 0.1 
confinement at 10-16 °C
9 min individual net 
confinement at 11 °C 
tank transfer + 25 min net 
confinement at 10 °C 
tank transfer + 25 min net 
confinement at 19 °C
20 min air exposure, 
recovery at 16 °C
20 min air exposure, 0.9 ± 0.2
recovery at 22 °C
10 min exhaustive exercise 0.5 ± 0.1 
at 10 °C
0.3 
0.3 ±0.1 
0.2 ± 0.1 
0.7 ±0.2
~6 
10 ± 2
0.4 
1.4 ±0.5 
2.3 ±0.7 
3.0 ±0.6
3.2 ±0.7
1.3 ±0.2
Peak time Recovery Comments Reference
time
1 h 
1 h
lh  
2 h 
2 h 
0.45
0.45 h
0.5-2 h
4-24 h Mean weight fish 10- Pottinger (1998) 
50 g
2 h Pottinger et al.
(2000)
3h Cannulated fish, not Waring et al.
fed for 7 priory days (1992)
6h Chapter 2 of this
thesis
6 h Chapter 2 of this
thesis
3.5 h fish fed to satiation Chapter 4 of this
until 24 h prior of the thesis 
experiment
3.5 h fish fed to satiation Chapter 4 of this
until 24 h prior of the thesis 
experiment
5 h fish kept at full Chapter 5 of this
salinity seawater thesis
Species Type of stress Lactate level
Rest Stress
S. maximus 
S. maximus 
S. maximus
S. maximus
Pleuronectes 
platessa 
Platichthys 
stellatus 
P. stellatus
Pseudopleuro-
nectes
americanus
10 min exhaustive exercise 0.3 ± 0.04 
at 18 °C
10 min exhaustive exercise 0.4 ±0.1 
at 22 °C
9 min individual net 0.5 ± 0.05
confinement at 11 °C
9 min individual air 0.4 ± 0.04 
exposure, recovery at
11 °C
15 min exhaustive exercise 0.5 ± 0.1 
by manual chasing at 9 °C
10 min exhaustive exercise 0.3 ± 0.1 
by manual chasing at 9 °C
10 min exhaustive exercise -0.25 
by manual chasing at
10-12 °C
10 min exhaustive exercise -0.2 
by manual chasing at
6-10 °C
2.2 ±0.3 
3.4 ± 1.0 
0.8 ± 0.2
0.35-0.40
3.9 ±0.3 
1.8 ± 0.2
1.3 ±0.2
0.8 ± 0.1
Peak time Recovery Comments Reference
time
0.5 h 
0.5 h 
1 h
2-5 h 
2-4 h 
2-4 h
5 h fish kept at full 
salinity seawater
5 h fish kept at full 
salinity seawater
5 h Cannulated fish, not 
fed for 7-10 priory 
days
increase not Cannulated fish, not 
significant fed for 7-10 priory 
days
not Measurements in 
determined, blood
24 h Cannulated fish
24 h Cannulated fish
Chapter 5 of this 
thesis
Chapter 5 of this 
thesis
Waring et al. 
(1996)
Waring et al. 
(1996)
Wardle (1978)
Wood et al.
(1977)
Milligan & Wood 
(1987a,b)
2 h 4 h Cannulated fish, not Pagnotta &
fed for 5 priory days Milligan (1991)
Species Type of stress Lactate level 
Rest Stress
Peak time Recovery
time
Comments Reference
P. americanus 10 min exhaustive exercise 
by manual chasing at 
6-10 °C
0.05 + 0.04 1.3+ 0.7 4 h 8 h Cannulated fish Girard & Milligan 
(1992)
Rhombosolea
tapirina
30 min exhaustive 
exercise at 15-17 °C
0.4+ 0.1 0.9+ 0.1 0.5 h 3 h Barnet & 
Pankhurst (1998)
Hippoglossus
hippoglossus
Icelandic
strain
tank transfer +30 min net 
confinement at 12 °C
0.9+ 0.2 3.2+ 0.9 2 h 5 h Chapter 6 of this 
thesis
H.
hippoglossus
Icelandic
strain
tank transfer +30 min net 
confinement at 18 °C
0.7+ 0.2 6.6 + 1.5 2 h 8-24 h Chapter 6 of this 
thesis
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Samenvatting
Een korte inleiding over stress
Het in dit proefschrift beschreven onderzoek is gericht op bestudering van de stress- 
respons van twee mariene platvissoorten, de tarbot (Scophthalmus maximus) en de 
heilbot (Hippoglossus hippoglossus), onder verschillende kweekomstandigheden. 
Onder stress wordt verstaan “een toestand waarin het fysiologische evenwicht van 
een gewerveld organisme, ook wel de homeostase genoemd, wordt bedreigd of 
verstoord door prikkels van binnenuit of buitenaf, de zogeheten stressoren. Als 
gevolg van blootstelling aan stressoren reageren organismen met een reeks van 
reacties, de zgn. stressrespons, bedoeld om de nadelige gevolgen van stressoren te 
verminderen en waar mogelijk te herstellen of ervoor te compenseren. De reacties die 
deel uit maken van een stressrespons kunnen verdeeld worden in verschillende 
categorieën, te weten primaire, secundaire en tertiaire responsen.
Tot de primaire stressrespons behoren de registratie van een of meerdere 
stressoren door de hersenen, en de daaropvolgende afgifte van speciale signaalstoffen 
oftewel stress hormonen: catecholamines (CAs) en cortisol. In vissen geschiedt de 
afgifte van deze stress hormonen via twee verschillende signaalsystemen, die veel 
gemeen hebben met de signaalsystemen in hogere vertebraten. CAs worden 
afgegeven via de “hersenen-sympatisch zenuwstelsel-chromaffiene cel as” (HSC-as), 
wat wil zeggen dat de stressor-waarneming in de hersenen via sympatische zenuwen 
wordt doorgeven aan speciale cellen in de kopnier. Dat laatste is een orgaan wat o.a. 
verantwoordelijk is voor de aanmaak en afgifte van stress hormonen aan de 
bloedbaan. CAs worden gevormd, opgeslagen en afgegeven door de zgn. 
chromaffiene cellen in de kopnier. Cortisol daarentegen wordt afgeven via de 
“hersenen-hypofyse-interrenale cel as” (HHI-as). In dit signaalsysteem worden de 
signalen uit de hersenen geconvergeerd in een belangrijk schakelcentrum, de 
hypothalamus, dat vervolgens signalen afgeeft aan de hypofyse. Dit is een klein, aan 
de hersenbasis gelegen orgaan wat fungeert als een endocrien “zenuwcentrum” 
waarin een groot aantal (hypofyse)hormonen worden aangemaakt, zoals ACTH en a- 
MSH. Door middel van deze hypofyse hormonen worden de hersensignalen 
doorgeven aan de zgn. interrenale cellen, die zich eveneens bevinden in de kopnier 
en verantwoordelijk zijn voor de vorming en afgifte van cortisol.
Onder secundaire stressresponsen verstaat men het geheel aan reacties in de 
lichaamsorganen die (direct) worden gereguleerd door de stress hormonen. Zo zijn de 
CAs ondermeer verantwoordelijk voor regulatie van de hartslag, verhoogde zuurstof 
opname in de ademhalingsorganen, en de vorming van glucose uit glycogeen in de
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lever, waarmee de toegenomen energiebehoefte die tijdens stress kan ontstaan kan 
worden gedekt. Naast deze positieve effecten hebben CAs echter ook negatieve 
effecten. In vissen betreffen deze o.a. een verstoring van de ionenhuishouding, als 
gevolg van een verhoogde doorlaatbaarheid van de kieuwen door acties van CAs. 
Die zijn noodzakelijk om te kunnen voorzien in de toegenomen zuurstofbehoefte, 
maar leidt ook een verhoogde doorlaatbaarheid voor water en ionen, en dit kan leiden 
tot de genoemde verstoring in de ionenbalans. De afgifte van CAs door stimulatie 
van de HSC-as kan binnen enkele seconden gebeuren, en dit proces kan optreden bij 
veel verschillende typen stressoren. Desalniettemin is gebleken dat onder alle 
omstandigheden waarin een sterke CA-afgifte optreedt dit uiteindelijk in gang wordt 
gezet door een en dezelfde prikkel, namelijk een sterke daling van het 
zuurstofgehalte in het bloed. Tot de functies van cortisol in vissen behoren 
ondermeer regulatie van de ionenhuishouding door de kieuwen, en handhaving van 
het glucosegehalte in het bloed tijdens stress. De afgifte van cortisol middels 
stimulatie van de HHI-as treedt eveneens op bij veel soorten stressoren, maar 
geschied langzamer dan de afgifte van CAs.
Tertiaire stressresponsen behelzen reacties van het gehele organisme, of zelfs 
populaties van een organisme, zoals verminderde groei en vruchtbaarheid, verhoogde 
kans op hart- en vaatziekten (in vissen: beschadiging van het kieuwweefsel), en 
vermindering van weerstand door verzwakking van het immuunsysteem. 
Verscheidene van deze tertiaire responsen worden niet zozeer direct veroorzaakt door 
stressoren, maar zijn ongewenste neveneffecten van langdurig verhoogde 
stresshormoonspiegels in het bloed, met name van cortisol. Een stressrespons is in 
beginsel van adaptieve waarde voor een organisme, en stelt het in staat zich aan te 
passen aan veranderingen in zijn omgeving. Echter, in situaties van chronische stress, 
waarin organismen langdurig worden blootgesteld aan een stressor, geraakt een 
organisme gaandeweg in een toestand waarin de positieve effecten van 
stresshormonen niet langer opwegen tegen de nadelen veroorzaakt door langdurige 
verhoging van diezelfde hormonen. Onder die omstandigheden verliest een stress­
respons zijn adaptieve waarde en is niet langer functioneel voor organisme.
Uit bovenstaande alinea’s moge het duidelijk zijn geworden dat een stress- 
respons van een organisme een complex geheel is van moleculaire, biochemische, 
fysiologische en organismale reacties. Stressresponsen zijn ook bepaald niet uniform 
van karakter, maar worden beïnvloed door een grote verscheidenheid aan factoren. 
De sterkte en duur waarmee een stressrespons optreedt wordt in vissen o.a. bepaald 
door het type stressor, de duur van de stressor, de omringende watertemperatuur en 
-saliniteit, de beschikbaarheid van voedsel (en daarmee van energie), en het geslacht
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en de leeftijd. Verder zijn stressresponsen bij vissen heel soortspecifiek: sommige 
soorten, zoals zalmen, zijn stressgevoelig en reageren op veel stressoren met een 
sterke respons, andere soorten reageren bij vergelijkbare stressoren veel minder sterk. 
Daarnaast speelt de genetische achtergrond bij vissen een rol: in ondermeer zalmen 
en karpers is aangetoond dat populaties van dezelfde soort uit verschillende 
geografische gebieden in verschillende mate kunnen reageren na blootstelling aan 
eenzelfde stressor.
Het onderzoek in dit proefschrift: doelstellingen en resultaten 
In dit proefschrift worden verschillende experimenten gepresenteerd waarin werd 
onderzocht wat de invloed is van verschillende factoren, te weten type stressor, 
watertemperatuur en -saliniteit, voedsel- en energiebeschikbaarheid, en genetische 
achtergrond, op de stressrespons van juveniele tarbotten en heilbotten. Dit zijn twee 
vissoorten waaraan nog maar weinig stressonderzoek is verricht. Er werden vier 
verschillende stressoren gebruikt waaraan de vissen werden blootgesteld: “tank 
transfer” (snelle overbrenging van de vissen naar een andere tank), “net- 
confinement” (veel vissen langdurig opsluiten in een klein net waarin ze zich 
nauwelijks kunnen bewegen), “air exposure” (vissen tijdelijk uit het water halen, 
zodat ze niet (via hun kieuwen) kunnen ademhalen), en “enforced exercise” (vissen 
opjagen in hun tank met een net, en ze zodoende dwingen met hoge snelheid te 
zwemmen). Om een goede indicatie van de stressrespons in deze soorten te 
verkrijgen werden zowel primaire als secundaire responsen gemeten in het 
bloedplasma, waaronder het stresshormoon cortisol, de energiemetabolieten glucose 
en lactaat, waarvan de laatste wordt gevormd wanneer er onvoldoende zuurstof 
aanwezig is voor de verbranding van glycogeen, en osmolaliteit en ionen voor 
bepaling van verstoringen in de ionenhuishouding. Daarnaast werden in een aantal 
experimenten de kieuwen elektronenmicoscopisch onderzocht met een 
elektronenmicroscoop op mogelijke weefselbeschadiging. Uit de resultaten kunnen 
de volgende conclusies worden getrokken:
1. De watertemperatuur beïnvloedt in hoge mate de stressrespons van zowel 
tarbot als heilbot. Beide soorten reageerden bij een hogere watertemperatuur met 
een sterkere respons na blootstelling aan de stressoren, waarschijnlijk als gevolg 
van een verhoogde metabolische activiteit in de dieren. Daarentegen werden de 
waarden van de verschillende stressindicatoren in bloedplasma voorafgaand aan 
stressorblootstelling niet beïnvloed door de omgevingstemperatuur, wat eveneens 
gold voor de structuur van het kieuwweefsel. De stressbestendigheid van tarbot tegen 
respectievelijk tank transfer, net confinement, air exposure en enforced exercise werd
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niet beïnvloed door watertemperaturen tussen 10 en 22 °C (Hoofdstukken 2,4 en 5), 
maar de bestendigheid van heilbot tegen tank transfer en net confinement was 
duidelijk lager in vissen gekweekt bij 18 °C dan in vissen gekweekt bij 12 °C 
(Hoofdstuk 6).
2. Ten aanzien van de voedsel- en energiebeschikbaarheid is gebleken dat de 
aangeboden hoeveelheid voer (=energie) de stressrespons in tarbot kan beïnvloeden. 
Tarbots die werden gekweekt bij 16 en 22 °C op een rantsoen dat 35% bedroeg van 
de dagelijkse hoeveelheid voer die normaal gevoerde vissen bij die temperaturen 
aten, groeiden minder snel, waren kleiner in gewicht, en bezaten geringere 
lichaamsenergie reserves, maar dit bleek hun stressbestendigheid tegen air exposure 
niet nadelig te beïnvloeden. Wel bleken watertemperatuur en voerregime een 
onderscheidbare invloed op de stressrespons te hebben: de afgifte van cortisol en 
regulatie van de ionenhuishouding werden voornamelijk beïnvloed door de 
watertemperatuur, terwijl het voerregime bepalend bleek voor de afgifte van glucose 
en lactaat, die gerelateerd zijn aan de beschikbare hoeveelheid lichaamsenergie 
(Hoofdstukken 3 en 4).
3. De watersaliniteit bleek van geringe invloed te zijn op de stressrespons van 
tarbot. In vissen gekweekt bij een lage watertemperatuur (10 °C) en lage saliniteit 
(15%) leek een stressrespons vrijwel uit te blijven na 10 minuten enforced exercise, 
maar in vissen gekweekt bij 18 en 22 °C trad wel een stressrespons op na 
blootstelling aan diezelfde stressor. Voorts werden de waarden van de verschillende 
stressindicatoren in bloedplasma voorafgaand aan stressorblootstelling niet beïnvloed 
door de saliniteit (Hoofdstuk 5).
4. Heilbotten afkomstig uit geografisch verschillende gebieden (Noorwegen en 
IJsland) en met een verschillende genetische achtergrond vertoonden geen 
noemenswaardige verschillen in hun stressrespons na blootstelling aan tank transfer 
en net-confmement.Ook de waarden van de verschillende stressindicatoren in 
bloedplasma en kieuwen voorafgaand aan stressorblootstelling waren niet 
verschillend in Noorse en IJslandse heilbotten, en werden evenmin beïnvloed door 
omgevingsfactoren (Hoofdstuk 6).
5. Juveniele tarbotten en heilbotten vertonen duidelijke verschillen qua 
stressbestendigheid: de eersten zijn veel minder stressgevoelig dan de laatsten. Deze 
verschillen komen tot uiting in de vertoonde gevoeligheid voor een specifieke 
stressor, het aantal stressindicatoren waarin een respons werd gemeten, en de 
herstelperiode ofwel tijd die nodig is om veranderingen in een bepaalde 
stressindicator weer ongedaan te maken c.q. te herstellen.
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a) Gevoeligheid voor een specifieke stressor. in tarbot veroorzaakte tank transfer 
nauwelijks een stressrespons, terwijl net-confinement, air exposure en enforced 
exercise allen een gematigde en tamelijk uniforme stressrespons veroorzaakten. 
Plasma cortisol waarden werden tevens nauwelijks beïnvloed door de vangst- 
procedure voorafgaand aan de weefselbemonstering. Daarentegen veroorzaakten 
zowel tank transfer en meer nog net-confinement een duidelijke stress- respons in 
heilbotten, die tevens veel gevoeliger zijn voor stress veroorzaakt door de 
vangstprocedure. Dit laatste bleek uit de grote variatie in plasma cortisolwaarden in 
deze soort.
b) Stressindicatoren: beide soorten reageerden met een verschillende respons na 
blootstelling aan de in dit onderzoek uitgeteste stressoren. In tarbot werden 
voornamelijk responsen gemeten in plasma cortisol, glucose en lactaat, terwijl het in 
heilbot vooral veranderingen in gedrag en plasma glucose, lactaat, osmolaliteit, en 
ionen waren die in het oog sprongen. In tegenstelling tot gestreste heilbotten traden 
in in gestreste tarbotten nauwelijks verstoringen op in de ionenhuishouding. 
Daarentegen werden in gestreste exemplaren van beide soorten geen veranderingen 
waargenomen in het kieuwweefsel.
c) De herstelperiode bedroeg voor de meeste stressindicatoren in tarbot tussen de 2 
en 6 uur, met uitzondering van plasma cortisol. Echter, ook in deze indicator bleken 
de initieel opgetreden veranderingen reeds na 5-6 uur te zijn afgenomen. In heilbot 
daarentegen bleken de veranderingen in de meeste stress indicatoren tenminste 5-8 
uur aan te houden, en vaak was voor volledig herstel zelfs 24 uur nodig. De langere 
herstelperiode voor heilbot is opnieuw een aanduiding voor de hogere 
stressgevoeligheid van deze soort in vergelijking met tarbot.
De stressrespons van tarbot en heilbot in een bredere context
Een van de meest opmerkelijke resultaten uit dit onderzoek is de uniformiteit van de 
stressrespons waarmee tarbotten reageerden in de variatie aan omstandigheden 
waaraan ze werden blootgesteld. Uit de cortisol resultaten valt op te maken dat de 
stressrespons in deze soort wordt gereguleerd door de HHI-as. Plasma CAs konden 
om technische redenen niet als directe stressindicator worden gemeten, maar de in 
het algemeen geringe veranderingen die optraden in plasma glucose en lactaat, de 
geringe verstoringen in de ionenhuishouding, en het uitblijven van 
kieuwbeschadigingen duiden allemaal op een relatief geringe stimulatie van de HSC- 
as, en daarmee een geringe afgifte van CAs in tarbotten.
Dit is een opmerkelijk resultaat in vergelijking met andere vissoorten, zoals 
zalmachtigen, karpers en tilapias, die normaal gesproken onder stress condities veel
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grotere veranderingen in CA-gerelateerde stressindicatoren laten zien (Hoofdstuk 7). 
Dit grote verschil tussen tarbotten en andere vissoorten is waarschijnlijk gerelateerd 
aan de leefwijze van tarbotten. Tarbotten zijn zgn. benthische vissen, die een tamelijk 
inactief leven leiden op zanderige of rotsachtige zeebodems dicht onder de kust. Het 
zijn relatief slechte zwemmers, die hun prooi bij voorkeur vangen vanuit een 
hinderlaag en bij gevaar zich proberen te verbergen en te camoufleren in plaats van 
weg te zwemmen zoals veel actief zwemmende pelagische soorten doen (o.a. 
zalmachtigen, karpers, baarsachtigen, en tilapias). Tarbotten bevinden zich doorgaans 
in een instabiele leefomgeving waarin de omstandigheden m.b.t. bijvoorbeeld 
temperatuur, saliniteit en zuurstofgehalten snel en voortdurend (kunnen) veranderen. 
Om dit te kunnen doorstaan hebben tarbotten een arsenaal van speciale mechanismen 
ontwikkeld zoals hyperventilatie, het voorkomen van bloedverzuring, vergroting van 
het zuurstofbindingsvermogen van het bloed, en mogelijk ook huidademhaling. Al 
deze adaptaties maken tarbotten tot unieke, hoogontwikkelde vissen die onder heel 
veel verschillende omstandigheden het zuurstofgehalte in hun bloed op peil kunnen 
houden. Zoals eerder werd uitgelegd is juist het zuurstofgehalte in het bloed, of liever 
gezegd een scherpe daling daarin, de uiteindelijke factor die bepalend is voor de 
afgifte van CAs. In Hoofdstuk 7 wordt dan ook de gedachte gepostuleerd dat de 
tarbotten in onze experimenten door hun specifieke aanpassingen in staat zijn 
geweest hun bloedzuurstofgehalte te handhaven, en waardoor een massale afgifte van 
CAs niet optrad. Een dergelijke onderdrukking van HSC-as activatie lijkt dus een 
adaptatieve ecologische aanpassing te zijn van tarbotten aan hun instabiele 
natuurlijke leefomgeving, die echter ook van grote waarde is onder 
kweekomstandigheden. Hun grote stressbestendigheid in vergelijking met andere 
vissoorten maakt tarbot tot een relatief gemakkelijke vissoort om te kweken, 
waarvoor speciale voorzieningen ter voorkoming van stress niet direct noodzakelijk 
zijn.
Daarentegen vertoonden de heilbotten in onze experimenten een stress­
respons die meer overeenkomt met die van andere, pelagische vissoorten (Hoofdstuk 
7). Ook dit valt weer terug te voeren tot de ecologie van deze soort. In vergelijking 
met de meeste andere platvissen, waaronder tarbotten, hebben heilbotten een meer 
pelagische leefwijze. Het zijn agressieve, vraatzuchtige predatoren die actief jagen op 
andere pelagische vissoorten en relatief goed kunnen zwemmen. In tegenstelling tot 
tarbotten leven heilbotten meer uit de kust in diepere, stabiele wateren. Uit 
vooronderzoek is verder gebleken dat heilbotten bij lange na niet zo tolerant zijn 
voor lage zuurstofconcentraties dan tarbotten. Dientengevolge leidden de stressoren 
waaraan de heilbotten tijdens dit onderzoek werden blootgesteld tot activatie van
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zowel de HSC- als de HHI-as, wat valt af te leiden uit de waargenomen 
veranderingen in zowel plasma cortisol als CA-gerelateerde indicatoren. Interessant 
is echter dat de veranderingen in plasma glucose en lactaat in gestreste heilbotten 
weliswaar groter zijn dan in gestreste tarbotten, maar minder groot dan wat in veel 
gestreste pelagische vissoorten wordt aangetroffen. Het lijkt er dan ook op dat 
heilbotten wat betreft hun stressbestendigheid als het ware een positie innemen die 
tussen die van tarbotten en pelagische soorten in ligt. M.b.t. de kweek van heilbotten 
is het echter duidelijk dat voor deze platvissensoort hun gevoeligheid voor meerdere 
vormen van stress in acht moet worden genomen, zoals dat bijvoorbeeld ook bij 
zalmachtigen noodzakelijk is.
Tenslotte kan geconcludeerd worden dat van alle geteste omgevingsfactoren 
de watertemperatuur het meest bepalend is voor de intensiteit van de te vertonen 
stressrespons in tarbotten en heilbotten. Beide soorten vertoonden bij hogere 
watertemperaturen een meer intense respons na blootstelling aan stressoren. In het 
algemeen wordt een dergelijke hogere responsintensiteit als nadelig beschouwd voor 
de viskweek: de dieren zouden dan meer te lijden hebben van de eerder beschreven 
nadelige bijeffecten van veelvuldig en langdurig verhoogde stresshormoonspiegels. 
Echter, bij interpretatie van resultaten uit stressonderzoek is het belangrijk te blijven 
beseffen dat een stressrespons in beginsel van adaptieve waarde is waardoor een 
organisme zich aan kan passen aan veranderingen in zijn omgeving. Zo vertoonden 
de tarbotten in dit onderzoek een meer intense stressrespons bij watertemperaturen 
die optimaal zijn voor hun groei tijdens kweekomstandigheden (18-22 °C). Hieruit 
kan geconcludeerd worden dat de hogere responsintensiteit van tarbot bij de hogere 
watertemperaturen in dit onderzoek duidt op een hoger adaptatievermogen van de 
dieren. Dit kan echter niet gesteld worden voor heilbotten gekweekt bij 18 °C: de 
verminderde stressbestendigheid van deze vissen in vergelijking met heilbotten 
gekweekt bij 12 °C is een duidelijke indicatie dat een watertemperatuur van 18 °C 
hoger is dan wat deze koudwatervissen normaliter prefereren.
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